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Residual lifing of cracks in GT combustors:
XFEM implementation for Fatigue&Creep

A. Can Altunlu, Peter van der Hoogt, André de Boer
Applied Mechanics, University of Twente

a.c.altunlu@utwente.nl - www.tm.ctw.utwente.nl

Introduction
The structural integrity, durability and reliability of
the critical components in gas turbine engines for
power generation govern the safety of power plants;
therefore the residual lifetime must be accurately
predicted.

Figure 1: A typical gas turbine and overhaul time.

Problem description: The thermo-acoustic
instabilities in combustion systems cause high sound
pressure levels resulting in elevated vibrations of the
combustor at high temperatures.

Objective: Developing a residual life assessment
method to analyse cracks considering fatigue and
creep aspects for the Ni-based superalloys.

Figure 2: The configurations of the combustor test
system and flame-box (S2).

The laboratory-scaled generic combustor test
system, depicted in Figure 2, consists of the
upstream (S1), liner (S3) and flame-box (S2). The
flame-box is enclosed by three quartz glasses and
a metal plate (specimen) (3), sandwiched by two
gaskets (1) and mounted with the frame holders (2).

Application: Residual lifing
Approach:
- Experimentally measure the surface temperature
and pressure profile of the combustor, Figure 3 (a,b).

- Embed the loads in the temperature-structure FEM
(Finite Element Method) model, Figure 3 (c,d).
- Sub-model the field-of-interest (specimen) and
predict the initial crack location, Figure 4 (a,b).
- Model and analyse the crack by utilizing the XFEM
(eXtended Finite Element Method), Figure 4 (c,d).
- Predict the crack growth rate by means of hold-times
and temperatures, Figure 4.
Results:

Figure 3: Combustor surface temperature and
pressure profile - Experiment (a.b) and FEM (c,d).

Figure 4: Crack modelling - analysis of the specimen
and unit-time crack growth as a function of Ct.

Conclusions
A residual life assessment was performed on the
basis of the experimental loads measured in the
laboratory-scaled generic gas turbine combustor. A
FEM analysis was performed to predict the crack
location and a XFEM analysis was utilized to model
the crack behaviour. The crack growth rate in a
Ni-based superalloy was characterized with the Ct-
integral covering the fatigue and creep contributions.
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On the relation between interface roughening
and damage in polymer-coated steels

J. van Beeck, P.J.G. Schreurs, M.G.D. Geers
Eindhoven University of Technology, GEM-Z 4.09

P.O. Box 513, 5600 MB Eindhoven, The Netherlands
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Polymer coated steel
Metal-polymer laminates, e.g. Protact[1] (see Fig. 1),
are used in a variety of products, e.g. food and bever-
age packaging. Production is accompanied by large
deformations at high strain rates, pressures and tem-
peratures. During this process, the coating has to re-
main adhered to the steel.

Chromium metal

Chromium oxide

PET layer

Steel substrate

Figure 1 : Application and composition of Protact [1].

Interfacial damage
Research by Boelen[2] revealed that the production
damages the metal-polymer interface, see Fig. 2.
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Figure 2 : Experimental results of Boelen, (left) acid vapour test,

(right) saline sterilization, witness mark marks the transition between

regions with a different deformation history (after [2]).

Deformation-induced roughening
During deformation, the polymer-steel interface
roughens (see Fig. 3) which may lead to interfacial
damage. Understanding, modeling and analyzing this
process is essential for improving product reliability.
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Figure 3 : Height profiles of Protact steel obtained with Confocal Op-

tical Microscopy, (left) undeformed, (right) deformed.

Roughness quantification
A Global Digital Image Correlation (GDIC) method us-
ing a finite element based approach has been de-
veloped to quantify the three-dimensional material
movement in-situ during applied deformation. The fi-
nite element mesh is shown in Fig. 4.
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Figure 4 : Results of GDIC in a uniaxial tensile test of uncoated Pro-

tact steel.

Predicting interface damage
The material movement of the red nodes in Fig. 4,
shown in Fig. 5(a), is used to numerically predict
interface damage with the Eindhoven Glassy Poly-
mer (EGP) model[3] and Cohesive Zones[4] (CZ), see
schematically in Fig. 5(b).
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(a) Movement of red nodes in Fig. 4 (b) Schematic of the simulations

Figure 5 : Prediction of interface damage in Protact.
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Modelling interactions between dislocations
and grain boundaries at the continuum scale

P.R.M. van Beers, V.G. Kouznetsova, M.G.D. Geers
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Department of Mechanical Engineering, Mechanics of Materials Group
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Introduction
Grain boundaries (GB) play an important role in
metallic materials in defining their strength, reliability
and life time properties, e.g. in MEMS (Fig. 1).

Figure 1 : A MEMS (left) and its grain structure (right).

At present, GB modelling lacks the critical interaction
between plasticity and GBs, which takes place at the
level of individual dislocations. Experimental obser-
vations, e.g. [1], indicate that dislocations can be
accumulated, transmitted, absorbed or nucleated at
GBs (Fig. 2).

crystal A crystal B

pile-up slip plane emission slip plane

q

boundary plane

Figure 2 : Interaction of dislocations with GBs.

At the polycrystalline continuum scale, conventional
modelling of GBs in gradient enhanced crystal plas-
ticity frameworks, e.g. [2], only allows to incorporate
the limiting situations of either impenetrable (hard) or
infinite sink (free) GBs (Fig. 3).
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Figure 3 : Effect of limiting situations in the
stress-strain response.

Modelling
A thermodynamically consistent GB model is being
developed that captures the net effect of the critical
interactions. The main feature is a flow rule for slip at
the GB:

q̇α = q̇0

(
|Fα

BK −Fα
E |

Rα

) 1
M

sign (Fα
BK −Fα

E ) (1)

The following microstructural phenomena are consid-
ered:
• Driving force Fα

BK related to the internal stress
state due to the pile-up of dislocations at the GB
(Fig. 4).

Figure 4 : Schematic of calculating internal stress
state (left) and pile-up (right).

• Slip resistance Rα representing the strength of
the GB (Fig. 4).

• Back stress Fα
E due to the net defect remaining

at the GB (Fig. 5).

Figure 5 : Schematic of GB net defect.

• Redistribution of the net defect along the GB
(Fig. 6).

Figure 6 : Atomistics (left) and schematic (right) of
redistribution.
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Simulation of tyre tread pattern noise
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(1) Apollo Vredestein B.V., (2) University of Twente

Introduction

On smooth roads tyre tread pattern noise is the
most dominant noise source inside the vehicle. The
subjective rating of this tyre tread pattern noise
can be described by the Sound Quality Metrics:
Loudness, Tonality and a Modulation metric [1,2].

Goal

Objective is to develop a validated simulation tool
predicting the subjective rating of the tyre tread
pattern noise based on the above mentioned metrics.

Theory & Simulation tool

The tyre tread pattern can be interpreted as an
irregularity over which the tyre construction rotates.
The RMS value of the irregularity is a measure for
the total loudness. Tread-block groove combinations
are normally scaled in a sequence to avoid tonal
components. The Fourier transform reveals the tread
orders (wavenumbers) and visualizes the tonality [3].
The time domain visualization of Figure 1 shows the
amplitude modulation of the noise. In the tool a tyre
tread pattern can be imported as well as the contact
patch between tyre and road. The model provides
the relevant metrics and generates a wav-file usable
for jury evaluations.

Simulation tool Drum experiment 

C

D

A

B

Figure 1 : Tyre tread pattern noise of 1 tyre revolution
showing the modulation of A) tonal tyre, B) three tone
tyre, C) five tone tyre, D) multiple tone tyre.

Figure 2 : Simulated tyres manufactured by Apollo
Vredestein B.V. for validation.

Experimental validation
Special tyres are manufactured for validation
purpose. A vehicle is mounted with a single tyre
(Figure 2) on a smooth drum in an anechoic room.
External and internal microphones measure the
noise. A laser trigger tracks each tyre revolution for
time averaging purpose. Figure 1 shows the results.

Figure 3 : Experimental set-up.

Conclusions
The RMS predicts the measured loudness very well
(R=0,95). The order spectrum and the modulation are
very similar as can be seen in Figure 1.

References & Acknowledgement
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thesis, University of Oldenburg, 2006.
2. Frank, E.C.’In-Vehicle Tire Sound Quality Prediction from

Tire Noise Data’ SAE International, 1-2253, USA, 2007.
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in microbeam bending
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Introduction
MEMS consisting of Al-(1wt%)Cu thin films are affected
by time-dependent elastic deformation. A methodology is
required to characterize the relevant material parameters.

Goal: Investigate suitable simple material model for de-
scription of time-dependent elastic deformation.

Figure 1 : The capacitance of an RF-MEMS parallel plate capacitor depends

on the gap which is negatively influenced by mechanical time-dependent

bending of the beam-shaped hinges.

Methods
In order to obtain these parameters we need:
• A precise microbeam bending experiment [1]
• A simple yet sufficiently representative material model.

Physical motivation for model:
• back-stress from dislocations => stiffness Ei

• lattice/grain-boundary diffusion => viscosity ηi.

Figure 2 : Al-(1wt%)Cu microbeam (top) deflected for several hours (left) to

study viscoelastic material behavior that is modeled with a multi-mode stan-

dard linear viscoelastic material model (right).

Results
• The 2τ model better describes the entire recovery pro-

cess than the 1τ model,
• 2τ model prediction: reasonable for t > 10000 s, though

poor for t < 5000 s,
• More than 2 diffusion processes active?
• Stress-dependent diffusion => nonlinear viscosity?
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Figure 4 : (l) Comparing single to 2τ fit shows a big improvement of

the fit. (r) Fit of 2τ model to deflection recovery measurement of two

different microbeams.

Figure 5 : (tl) Model calibration after thold = 24 h. (bl) Sequence of various

load durations on calibrated beam (r) Prediction of sequence by calibrated

model.

Conclusion and outlook
• 2τ standard solid viscoelastic model unsatisfactory for

time-dependent elastic deflection recovery,
• Extend model through extra/non-linear modes,
• Reveal diffusion mechanisms through microscopical

characterization.

[1.] L.I.J.C. Bergers et.al., Microelectron.Reliab., 2011 pp. 1054

Questions?
Ask me



Silent tyre-road combination:
a numerical modelling approach

M. Bezemer-Krijnen, Y. H. Wijnant and A. de Boer
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Introduction
Driving a car means interaction between the tyres
of your car and the road. The physical interaction
ensures you that you have grip, but the interaction
also generates vibrations that cause noise.
In this research, we will focus on silent tyre-road
combinations. The research is part of a larger project,
called Stil Veilig Wegverkeer, about the optimisation
of tyres and roads for safety, environmental and
sustainable aspects (figure 1). Partners in this project
are University of Twente, Apollo Vredestein, REEF
Infra, Iris Vision Measurement & Inspection BV and
Provincie Gelderland.

Safety

Environmental

Sustainable
Handling
Wet grip
Dry grip

Rolling resistance
Noise

Tire wear
(fine dust)

Road rafeling,
rutting,
weathering

Integral
Tyre-Road

contact

Figure 1 : Integral tyre-road contact.

Tyre-road noise
The vibrations caused by the interaction of the
tyres and the road can be divided into two main
groups [1]. One group includes effects caused
by mechanical vibrations, such as impact and
adhesion mechanisms. The other group is related
to aerodynamical effects and are caused by air
displacement mechanisms. A selection of these
generation mechanisms is shown in figure 2.
During tyre-road contact, there are also effects that
increase or reduce the generated vibrations of the
tyre and thus the resulting noise.

trailing edge

resonances

air-pumping

stick-slip

rotation

radial and
tangential
vibrations leading edge

impact

road

y

tyre

x

z

Figure 2 : Selection of generation mechanisms of tyre-
road noise, taken from [2].

Integral approach
Both the tread of the tyre and the texture of the road
have a large influence on the noise, but separate
optimisations of tyre tread and road texture will not
give the best solution for the combination of the tyre
and road. Little research has been done on optimised
tyre-road combinations.
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Figure 3 : SPL at 1000 Hz, results for slick tyre rolling
CW on ISO 10844 asphalt at 80 km/h, taken from [2].

This research is about the combination of the tyre
and the road, with respect to the noise generation. In
previous research [2] a model has been developed to
describe noise generation of a slick tyre on a relatively
smooth asphalt concrete (figure 3).

Research outlook
The existing model will be further developed to study
the effect of various parameters influencing tyre-road
noise. We will focus on:
• Various types of tyre tread
• Texture of frequently used asphalt concretes
• Optimal combinations with respect to noise and

wet grip
The optimal combination will not only take into
account noise, but will also include the other aspects
of the integral contact problem.
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Context 
Femtosecond laser are used for producing 
integrated optics and microstructures in 
fused silica. The laser is not used for 
ablating materials but rather for modifying 
their structures.  

Problem statement 
Our goal is to investigate the 
organized nanogratings orientation 
stress distribution found 
affected zones (LAZ).  

Fig. 1 Topographic atomic force microscope 
images of chemically etched 
(adapted from [1]). S is the writing direction, E 
the electrical field orientation.  

Nanogratings orientation
Patterns consisting of lines radiating from a 
circle and gradually changing nanogratings 
orientation are written in fused silica 
substrate to induce stress
retardance. (i.e. the laser polarization
the same for all the lines).  
The equivalent difference of 
is derived from the measured retardance.
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Fig. 2 a) Measured and simulated stress profile
between lines. b) Top-view of the 
distribution observed in the laser written pattern
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a) Measured and simulated stress profiles 

view of the retardance 
observed in the laser written pattern.  

Induced nanogratings are perpendicular to 
the polarization [1]. The stress in the 
direction is simulated to see the stress 
distribution difference for both polarizations

Simulations 
A uniform pressure is applied around every 
nanogratings (in orange in the figure below)
so that the stress in the 
quantified. 

In the figure below the values of the 
simulated and measured 
angle for both polarization
polarization, right: rectilinear

Anisotropy is found only for rectilinear 
polarization which demonstrates that 
nanogratings orientation 
stress distribution. 
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1(2006). 
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Predicting size effects in Dual Phase steels
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Objective
The mechanical properties of steels with complex mi-
crostructures, used for example in lightweight cars,
are difficult to predict. Small differences in these
microstructures (e.g. composition and morphology)
may have a large influence on the macroscopic prop-
erties of the material (Figure 1).

Coarse

Fine

Figure 1 : Morphology changes in the microstructure of
steels have a large effect on the macroscopic response.

In order to engineer such materials to their desired
properties, predictive numerical models are required
including the behaviour of dislocations, i.e. defects in
the crystal lattice. The motion of these dislocations is
the carrier of plastic deformation and their interactions
governs the macroscopic behavior of the material.

Model
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Figure 2 : Overview of the crystal plasticity framework.

Plasticity of metals is governed by dislocation trans-
port on each slip system. These dislocations are
represented in a continuum formulation by a density.
Dislocation transport is driven by the macroscopic

stress, consisting of an externally applied stress and
long range stresses due to plastic incompatibility, and
the interaction stresses between all dislocations. The
macroscopic stress is calculated by the macroscopic
balance law and the evolution of the dislocation den-
sities is governed by transport equation. An overview
of the model is presented in Figure 2.

Result
We use this model to investigate the influence of
morphology and material parameters on the macro-
scopic response of a two-phase laminated material. A
simplified geometry is used to study and understand
these effects.
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Figure 3 : Influence of morphology and material param-
eters on the macroscopic response of a two-phase lam-
inated material.

Discussion
A model including dislocation transport in single slip
was developed and used to study the effect of mate-
rial properties and morphology on a two-phase mate-
rial. In the table below an overview is presented con-
taining the most important observations on the yield
stress σy, the hardening h and the stress τ .

Parameter σy h τ

↑ Length of domain [L] ↑ − ↑

↑ Initial dislocation density [ρ0] ↓ − ↓

↑ Volume fraction martensite [vfm] ↑ − ↑

↑ Slip resistance martensite [Bm] − ↑ ↑

↑ Fraction of GNDs [κ0] − ↑ ↑



Physical Ageing Kinetics of uPVC Pipes with Different Levels of Gelation

E. Drenth, T.C. Bor, H.A. Visser, M. Wolters, R. Akkerman

Faculty of Engineering Techonolgy
University of Twente

P.O. Box 217, 7500 AE Enschede, The Netherlands
phone: +31 (0)53 4892569, email: e.drenth@utwente.nl

No significant influence of the G-level on the defor-
mation and the physical ageing kinetics is observed, 
Figure 1. This can be explained by assuming that the 
distance between entanglements and crystalline junc-
tions is larger than the length of the chain part involved 
in conformational changes during physical ageing.
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Figure 1: The tensile yield stress data of uPVC pipes of the same 
formulation, but having different G-levels. The G-levels were deter-
mined by DSC and Eq. (3). 
Top: The tensile yield stress data and model fits of the deformation 
kinetics employing Eq. (1) on all data simultaneously. 
Bottom: The shifted yield stress plotted against the effective age-
ing time and a model fit of the physical ageing kinetics employing 
Eqs. (1) and (2) on all data simultaneously.
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Conclusions

Physical ageing of installed uPVC pipes as em-
ployed for gas, water and sewer purposes is in-
dependent of the level of gelation. The model pre-
sented earlier [1,2] can thus be applied to pipes with 
a variation in levels of gelation.

Introduction

A residual lifetime assessment method of uPVC 
gas, water or sewer pipes is proposed by Visser 
[1]. For the implementation of this method, which is 
based on the physical ageing kinetics of the mate-
rial, it is imperative to study the influence of the level 
of gelation on physical ageing kinetics. 
The level of gelation (G-level) is related to the  
amount of build-up of molecular entanglements and 
crystalline junctions between the primary particles 
of PVC after extrusion:

A study on the influence of the G-level on the physi-
cal ageing kinetics of uPVC pipes is presented.

An Eyring relation is applied to model the deforma-
tion kinetics of uPVC [2]: 

           .   (1)

The term    captures the physical ageing kinetics 
according to a power law [1]:

             .             (2)

The effective time         accounts for the influence of 
temperature and stress on the ageing rate.

Modelling of the kinetics
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Experimental

DSC tests for determining the G-level:

                                                               .          (3)

Temperature controlled tensile tests for determining 
yield stress of uPVC tensile bars:

G(%) = ∆HA

∆HA + ∆HB

· 100%

1

Low G-level High G-level

Crystalline junction

EntanglementEntanglement
Crystalline junction



Experimental techniques for the design of 
impact-resistant materials
J.T. Fan, J. Weerheijm and L.J. Sluys 

Delft University of Technology
Faculty of Civil Engineering and Geosciences

Office phone: +31 15 278 9193, E-mail: j.fan@tudelft.nl

Introduction
Some polymers are not only transparent and 
lightweight, but also impact and ballistic resistant. 
Designing and preparing the polymer matrix 
composite materials with a high impact-resistant
performance are of crucial importance to the 
aviation, nuclear industry, windscreens, impact 
protection etc. They have many important 
applications for the defence, safety and security in 
vehicle and personal protection. 

Objective
Stress waves, induced by impact, result in temporal 
and spatial stress gradient. Damage mechanisms 
under high amplitude impulsive loading are related, 
on one hand, to the frequency spectrum of the 
induced stress waves and thermal effects and, on 
the other hand, to the material composition and 
properties at meso-, micro or even nano-scale. So, 
the aim of this work is to develop a new technique 
to enable the optimization of polymeric material 
composition design, which limits and controls the 
damage under the extreme dynamic loading 
conditions. The main tasks are to develop a high 
rate loading device, SHB for impact test at meso-
level; to design the impact-resistant polymer matrix 
composite and to study the response mechanisms at 
the dominant material levels..

Methodology
Split Hopkinson pressure bar (SHPB) test apparatus 
have been built in TU Delft, which consists of a gas 
gun, a striker bar, an incident bar, a transmission 
bar, and a high-frequency data acquisition system, 
as shown in Fig. 1.

Results
After the setup of SHPB in TU Delft was tested to 
ensure that it works well, polymeric material, Clear 
Flex 75 which is supposed as the matrix in the 
designed composite material, was tested at different 
strain rates. One typical stress-strain relation is shown 
in the Fig. 2. Mechanical properties were collected, 
and the relationships between strain rate and yielding 
strength, max strength, plastic strain and fracture 
energy are shown in Fig. 3.

Kolsky [Kolsky H. Proceedings of the Physical 
Society. Section B, 62, 676-700, 1949] illuminated 
the work principles of SHPB and developed the 
following relations to calculate the specimen’s
stress, specimen’s strain and specimen’s strain rate:

Acknowledgement

Figure 1 SHPB apparatus in TU Delft: (a) whole view to show 
main parts: Striker bar (SB), Incident bar (IB), and Transmitter

bar (TB); (b) strain gages; (c) improved SB; (d) laser to linear up 
the three bars; (e) red pots to ensure on-line of them; (f) specimen 

for test; (g) high-pressure air to trigger the SB; (h) fra-red to 
measure the velocity of SB;  (i) computer recording system.

Figure 3 Mechanical properties of CF 75 at different strain rates.

Figure 2 Stress-strain relation of CF 75 at strain rate of 2700 /s 
consists of three main procedures from yielding to fracture:

plastic deformation, strain hardening, and rupturing.
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Introduction
Multi-phase materials are frequently being applied in engi-
neering applications. They are generally characterized by
a high strength and ductility. In contrast to the overall
hardening response, the failure mechanisms are not well
understood. We study the influence of the microstructural
morphology on the ductile failure of the matrix phase.

Model
The microstructure of a dual-phase steel is shown in
Fig. 1(left). We consider a similar microstructure, compris-
ing a hard inclusion phase embedded in a soft matrix, in a
highly structured fashion. Fig. 1(right) shows an example
of a randomly generated Representative Volume Element
(RVE). By randomly generating a large number of RVEs,
the ‘worst-case’ in terms of damage is identified.

10µm rolling�direction

ferrite/soft
martensite/hard

Figure 1. Microstructure of a multi-phase material: (left) microscopic
image of a dual-phase steel, adapted from [1]; (right) a randomly gen-
erated RVE. The critical feature of Fig. 2 is highlighted in white (left).

Result
The RVE responses are compared in terms of the damage
D, defined as the product of the hydrostatic stress and
equivalent plastic strain. The ‘worst-case’ RVE in terms of
damage is shown in Fig. 2. The highest level of damage is
consistently observed in a feature such as sketched on the
right in the figure. A similar feature is observed in realistic
materials, such as highlighted in white in Fig. 1(left).

0

100

200

Figure 2. The damage D of the ‘worst-case’ RVE, normalized by the
initial yield stress σsoft

y0 and initial yield strain εsoft0 of the soft matrix.
The critical feature is highlighted, in which the hard inclusion phase
is dark.

The identified morphological feature is critical in almost
all considered RVEs. A closer investigation reveals that the
orientation of the feature with respect to the load is critical.
The level of damage is influenced by the microstructure in
the vicinity of the feature.

A parameter study is performed in which a hardening
factor χhard and the volume fraction fhard of the inclusion
phase are varied. Fig. 3 shows that the overall hardness
increases with both parameters. Failure initiation however
occurs at a lower applied strain.

Figure 3. The overall Von Mises equivalent stress σ̄eq for different
hardening factors χhard (left) and different volume fractions fhard

(right) of the hard inclusion phase.

The combined effect is studied by comparing the fail-
ure initiation at constant overall hardness in Fig. 4. It is
observed that the ductility is increased by increasing the
volume fraction of the inclusion phase while at the same
time decreasing its hardness.

Figure 4. The combined effect of varying the hardening factor χhard

and volume fraction fhard of the hard inclusion phase and the fracture
stress and strain, σ̄f

eq and ε̄f respectively.

Conclusion
The influence of the load and microstructure on the dam-
age in the critical morphological feature is understood,
making it easier to a-priory identify critical locations inside
the microstructure. Also the effect of two microstructural
parameters on failure initial is identified.
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Introduction
Layerwise theories provide accurate predictions of
the 3D stress states which is in sharp contrast to the
equivalent single-layer (ESL) theories that yield in-
complete, or inaccurate, information with respect to
transverse stress components. Combining these t-
wo models would allow a greater variety of structural
problems to be solved optimally based on the limited
computational resources.
In the isogeometric approach the basis functions
used to describe the geometry are employed to ap-
proximate the physical response in an isoparametric
sense. The use of h, p, and k-refinement techniques,
inherent in the isogeometric concept, allows us to ad-
just the continuity of the basis functions in a natural
fashion.

Problem Statement
Consider a simply supported cross-ply laminates
[0◦/90◦] in bending. Two different multi-patch models
are constructed and illustrated in figure 1.

q
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Α×L
Β×L

HaL

L

h

q

ESLLayerwise Layerwise

Α×L�2 Α×L�2Β×L

HbL

L

h

Figure 1 : Illustration of two multi-patch models.

Layerwise and ESL model
C0-continuity of displacement field at the ply inter-
face can be easily facilitated by the unique refinement
methods within the isogeometric framework and is il-
lustrated in figure 2(a)-(d).

HaL X =@0,0,1,1D, p=1 HbL X =@0,0,0,0,

1,1,1,1D, p=3

HcL X =@0,0,0,0,
1

2
,

1

2
,
1

2
,1,1,1,1D, p=3

HdL X =@0,0,0,0,
1

4
,
1

2
,

1

2
,
1

2
,
3

4
,1,1,1,1D, p=3

C2

C2

Figure 2 : Isogeometric refinement within a two layer
laminate.

In the ESL model, the material properties of the lami-
nate are the average of all the lamina’s material prop-
erties through the thickness of the laminate. The k-
refinement is used along both the length and thick-
ness directions.

Results
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Figure 3 : Stress plots of Pagano’s exact solutions[1]

and isogeometric layerwise model.
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Figure 4 : Error contour plot of σz with respect to the
values of α and β.

Conclusion
The stress results confirmed the accuracy of isogeo-
metric layerwise model and the maximum error of σz
with respect to the exact solution is decreases with an
increase of either the value of α or β, and the maxi-
mum error is more sensitive to α than to β.
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Active production control
Nowadays the production accuracy of forming
processes is increased using robust optimization:
variation of material and process environment is
taken into account while designing the optimal
process.
The next step to increase production accuracy is
to include a feedback loop that processes product
measurements during production. This is the goal of
the European project [1].

PROCESS

CONTROL

FEEDBACK

Figure 1 : Process control

Knowledge of the production process can be acquired
through Finite Element (FE) models that include
variational and control parameters of the process.
This knowledge may be exploited during real-time
production control through fast metamodels. A
good metamodeling technique is essential for good
performance of the process control scheme.

Metamodel selection criteria
Process knowledge can be acquired by executing
a set of FE simulations in the hyperdimensional
parameter space. A metamodel is used to predict
the process response in any location in the parameter
space. The parameter space may be sparsely filled
since FE simulations are expensive and the amount
of dimensions may be large.
It may be desirable to increase the metamodel
accuracy in some important regions of the parameter
space. Therefore the metamodel must be able to
handle the presence of point clusters within the
parameter space.

Multiquadric Radial Basis Functions
These criteria can be handled with Radial Basis
Function (RBF) metamodeling. The metamodel

function is the sum of a set of Basis Functions placed
at the input points.
Different types of RBF can be used to construct the
metamodel. The most common RBF is the Gaussian
function, since it is used within the popular Kriging
metamodeling technique.
However, Multiquadric RBF have shown very good
accuracy in different studies [2].

-1 0 10

1

a Gaussian RBF
-1 0 10

1

b Multiquadric RBF

Figure 2 : RBF types with varying shape parameters

The local behavior of RBF can be influenced by
choosing the shape parameter at each location
depending on the local point density. Hence, RBF
metamodeling with varying shape parameters is
suitable for handling point clusters.

0 0.5 1
0

1

Figure 3 : Multiquadric interpolation with local varying
shape parameters (blue) and Kriging interpolation (red)

Conclusion and further work
RBF metamodeling is expected to be suitable for
active production control. A regression scheme
for Multiquadric RBF is under development to deal
with noisy responses. A strategy for dealing
with measurements during production has to be
developed.
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It’s all about friction

Simulations of sheet metal products are everyday
practice in the automotive industry. Making an
accurate prediction of friction conditions is one of
the key issues in describing forming processes
by numerical simulations. An advanced friction
framework has been developed in this research
applicable for modeling large scale automotive parts.

Curious what’s on this
spot?

Come to see my poster!

Modeling

An advanced friction framework has been developed
including the most important friction mechanisms.
A fast and efficient translation from micro to
macro modeling is incorporated based on stochastic
methods to reduce the computational effort. Recently,
a coupling with a Reynolds based hydrodynamic
friction model has been made to describe lubrication
effects.

Progress

The friction framework has been implemented
in a finite element code. Simulations have
been performed on forming processes showing
a distribution of friction values. Expermimental
research has been carried out to validate results
and a numerical study is performed to account for
hydrodynamic effects in finite element simulations.

Input step

Deformation step

Friction step

Problem solving

0.19

0.13

Friction framework

coupled with FEM

Surface changes due to loading and stretching

If sliding: Ploughing and adhesion causes friction

Problem description Surface properties
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Objective
Today’s design of dynamic sys-
tems is supported by the con-
cepts of modal analysis. Vibration
modes are observed easily, but
can we observe thermal modes
and their time constants ?

Method
By excitation of e.g. the 7th mode
in 1D, we observe the transient
behaviour of the system. Asso-
ciated to this mode, we validate:
Ê the modal amplitude,

Ë the time constant.

Heat input: 7th mode (1D)
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Results
Ê The measured modal amplitude associated to the

7th mode is almost equal to the predicted,
Ë the transient behaviour and the time constant are

similar to the predicted ones.
ï Thus, we can observe a thermal mode and mea-

sure its time constant.

Outlook
By using thermal modal analysis, the project aims to
develop new strategies for designing precision sys-
tems focusing on minimizing thermal deformations.
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Introduction

In isogeometric analysis the functions from geometry rep-
resentation are applied directly into the analysis. Design-
through-analysis, piecewise higher order continuity of the
shape functions and exact geometry parametrization make
IGA very useful for the numerical simulation of shell struc-
tures which are very sensitive to the geometry changes.

Figure 1: Different aspects of composite shell analysis.

Goal

• Developing an isogeometric solid-like shell formula-
tion and study its performance, see Figure 1.

• Developing an engineering tool capable of performing
numerical tests concerning exact geometry modelling,
fast model preparation and accurate stress analysis.

Method

• Shell’s mid-surface is parametrized with 3-order
NURBS in Rhino, see Figure 2.

Figure 2: Geometry modeling in Rhino.

• Thickness discretisation by linear shape functions.
• Shell director is calculated at each integration point.
• Stretch d.o.f at each control point.

Bézier extraction

Figure 3: Schematic representation of Bézier extraction.
Figure (a) is Bézier element corresponded to a third order
NURBS. By having Bézier extraction operator, the Bézier
element is mapped to the physical mesh, Figure (b).Using
this method a conventional finite element code can be
used for IGA [1].

Numerical simulations

Figure 4: Linear analysis of a clamped cylindrical shell.
The stiffness of the cylinder can be obtained with only 4
SLSBEZ element [2].

Figure 5: Load-displacement curve and deformed configu-
ration of pinched cylinder with rigid diaphragm [2].

Conclusion
• Isogeometric SLS element has been developed.
• Linear analysis can be done with few elements.
• Increased smoothness of splines make it slightly dif-

ficult to capture wrinkles so we need to use denser
mesh.
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Introduction
Hydrogen embrittlement is the reduction of mechanical
properties in metals due to the absorption of H2 (Fig. 1).

Figure 1: Surface appearance of type 304L stainless steel
specimens following a tension test (a) in air; (b) in H2.

Goal
Our goal is to analyze mode I crack growth in a system which
fails due to the Hydrogen-enhanced decohesion mecha-
nism (Fig. 2). This mechanism advocates that H2 reduces
the cohesive strength of interatomic bonds at the crack tip.

Method
The case under study is a two-way coupled diffusion-
mechanics problem. H2 atoms tend to diffuse towards
high tensile stresses. To find the stress field we perform a
quasi-static discrete dislocation analysis. Knowing the stress
value, we can find out how many H2 atoms have entered our
material. When the Hydrogen concentration in the material
is known, we may obtain the reduction of cohesive strength
(Fig. 3).

Figure 2: Main phenomena of Hydrogen embrittlement

Results
We have performed our calculations for different values of
Hydrogen concentration in atmosphere C0 and initial cohe-
sive strength σmax. Furthermore, in order to detect the impact
of the stress field in attracting H2 atoms, we have compared

the results obtained under two assumptions of fast and slow
H2 diffusion (Fig. 4). Notice that in the fast diffusion method
the influence of the stress field is present while in the slow
diffusion method we exclude its impact.

process window

cohesive surface

H
HHHHH

HH
HH

Figure 3: Mode I fracture model with discrete dislocations
and H2 atoms entering from the crack.

Track the dislocation density as C0 increases. A lower dis-
location density and toughness both indicate a more brittle
fracture behaviour.
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Figure 4: Normalized value of the toughness KSS vs. Nor-
malized value of Hydrogen concentration in atmosphere C0

Conclusions
• As the stresses close to the dislocation core increase

abruptly, we face an extreme rise in the local Hydrogen
concentration CH2 . Using DD method we may capture
these high stresses and CH2 .

• In order to observe the impact of the stress field in at-
tracting H2 atoms we have to apply very high cohesive
strengths (1.0 GPa) and this is not possible when ap-
plying continuum plasticity models.
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Introduction
Large number of population nowadays suffer from low back
pain, which at the severe case, caused by Intervertebral
Disc (IVD) degeneration and internal disc fractures (see
Fig.1). Many numerical models based finite element tech-
nology have been developed [1,2] to study the mechanism
of the propagating cracks in the disc. To get an accurate
analysis of the model, a correct, smooth and efficient ge-
ometry representation of the disc is needed.

Figure 1 : (a).Spine diagram of a human body. (b). Frac-
tured disc (courtesy of T Videman, 2004)

Objective
To provide a smooth geometrical representation for a disc
based on Splines technology without changing the data
structure of the existing model.

Strategy
Geometry Patches and control points (see Fig.2 ) are con-
structed for the geometrical representation of the disc by
using CAD software e.g. Rhino.

Figure 2 : Type of basis functions and its smooth geo-
metrical representation

Beziér Extraction Splines basis functions don’t have
canonical set of element basis. To get a canonical basis
function a Beziér extraction is used by means of knots in-
sertion in the global B-Splines basis [3].
Disc model The disc is modelled as a two-phase mixture
composed by the deforming solid skeleton and the inter-
stitial fluid. Darcy’s flow is assumed for the fluid while a
quasi-static loading applied onto the porous medium.

Figure 3 : The extraction operator Ce maps the smooth
global basis functions from the canonical Beziér basis

Discretization A (u,p) -type Galerkin formulation is de-
rived from the disc model and Isogeometry analysis (IGA)
is performed over the Beziér mesh.

Simulation
Compression test (Fig.3a.) is performed for IGA and FEM
and the results are compared.

Figure 3 : a. Compression test setup, b. Fluid flow pro-
file, c. Pressure profile

Conclusions
IGA provides smooth geometry and basis functions that
leads to better analysis.
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Introduction
A ThermoAcoustic Engine (TAE) uses sound waves
to convert heat into electricity (figure 1).

Heat Sound Electricity

Thermoacoustics Electroacoustics

Figure 1: Conversion of energy using thermoacoustics

Well-designed TAE’s have commercial potential due
to their high thermal efficiency and a minimal
number of moving parts. Figure 2 shows a simple
thermoacoustic engine which only converts heat to
sound. The energy conversion process takes place
in the stack.

Zp

Lr

TL TR

2D stackx

Figure 2: Schematic of a simple noise generating
standing wave TAE

Figure 3 shows a close-up view of the stack. The
working gas oscillates through the stack, on which a
temperature gradient is imposed. Due to the close
contact of the gas with the solid and the phasing of
the wave, a thermodynamic cycle is performed, by
which the heat is converted to acoustic intensity.

Objective
So far, only analytical and 1D modeling techniques
have been used for TAE design. However, accurate
performance prediction and optimization of TAE’s
requires knowledge of the 3D acoustic field in
the engine. This research focusses on advanced
modeling techniques for TAE’s.

Solid

Gas

TH
TL

Amplified acoustic wavesAcoustic waves

Front view Side view

Figure 3: Schematic of the stack of a TAE

Model
To calculate the acoustic field in an arbitrarily
shaped stack, the full 3D acoustic field has to be
resolved. The acoustic field is governed by the
Linearized Navier-Stokes-Fourier (LNSF) equations
in the frequency domain on a quiescent mean field
with inhomogeneous mean temperature:

iωρm

(
p1
pm

− T1
Tm

)
+∇ · (ρmu1) = 0 (1)

iωρmu1 +∇p1 = µm∆u1 + ηm∇(∇ · u1) (2)

ρmcp(iωT1 + u1 · ∇Tm) = iωp1 + κm∆T1 (3)

Where subscript m denotes a mean (time-averaged)
quantity, and subscript 1 denotes the (complex)
acoustic perturbation phasor. The equations are
casted in a weak formulation and solved using a
Galerkin (mixed) finite element method. The resulting
algebraic system of equations is linear [2].

Results
In figure 4, a plot is shown of the normalized acoustic
intensity for one gap of figure 3, including the used
mesh.

x(m)

y(m)

Figure 4: FEM normalized intensity plot with mesh

As this tube satisfies the assumptions of 1D theory
[1], the 3D results can be compared. They agree very
well.

Conclusions and future work
A finite element formulation of the LNSF equations
has been succesfully implemented. Now, arbitrarily
shaped stacks can be modeled. Future work will
involve modeling of a complete TAE.
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Introduction
Optimum design of quasi-brittle materials is of great
interest nowadays for civil and defense structures
which are usually subjected to high rate dynamic
loads. Many of the materials which are used in such
engineering structures are heterogeneous and have
more than one length scale. Homogenization meth-
ods are widely used to obtain the macroscopic be-
havior of the heterogeneous materials by averaging
local-scale properties.

Objective
The standard homogenization scheme validity is ter-
minated by phenomena like wave propagation or
strain localization, because in these cases the as-
sumption of homogeneity of the strain and stress field
over the local scale volume is not valid and the repre-
sentative volume element (RVE) cannot be defined.
The aim of this work is to present an objective multi-
scale homogenization based crack model for dynamic
analysis of heterogeneous quasi-brittle materials.

Methodology
A discontinuous computational homogenization
scheme [V. P. Nguyen et. al., 2011] is developed
based on a so-called failure zone averaging method
[V. P. Nguyen et. al., 2010] which is objective with
respect to the RVE size. In case of dynamic loading,
if the length of the propagating wave at macro-scale
is significantly larger than the local-scale length, one
can neglect wave effects at local-scale and it is pos-
sible to simplify to a quasi-static problem. Figure 1
depicts a description of the model.

Figure 1: Multi-scale scheme for wave propagation problem.

In this model, at macro-scale, a discontinuous crack
model based on XFEM is used to model the crack
and the time is integrated implicitly. Then at each
time step of the macro-scale solution, the traction-
separation law for the macro crack is obtained by
solving a quasi-static BVP at the meso-scale which is
modeled using a continuous damage model. Rate ef-
fects due to the rate process of the bond breakage in
the fracture process zone are introduced in the model
by relating the material properties of the meso-scale
model to the macro crack opening rate.

Results
The proposed model is used to solve a wave prop-
agation problem shown in figure 2 with three differ-
ent RVE sizes. Figure 3 represents the obtained
traction-crack opening (cohesive law) curves for dif-
ferent sizes of RVE at various loading rates. Results
show that the model is objective with respect to the
RVE size.

Figure 2: Multi-scale mesh with different RVE sizes.
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Figure 3: Computed traction-crack opening curves for different
RVE sizes at various loading rates.
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Introduction 
SMF process is widely used in automotive 
industry. FEM software is used to simulate 
SMF process to reduce lead time and cost. 
FEM software has well defined material 
models. However, friction behaviour is often 
given by constant Coulomb friction. 
 

 
 
 
 
 
 
 
 
 
 

       Cup Drawing  
          Illustration 

 
 
 

Fig.1 Friction mechanisms in SMF process. 

Objective 
The aim of this research is to develop fric-
tion models based on the contact conditions 
at micro scale and apply these models to 
the macro-scale FEM simulation of industrial 
products. 
 

Friction Model 
 At micro scale, friction is determined by 

the following mechanisms (shown in 
Fig. 1) 

 Ploughing  

 Asperity deformation 

 Shear of the lubricant layer 

 Asperity deformation of sheet material  is 
due to normal loading and bulk strain. 

 An ideal plastic deformation model [1] for 
workpiece asperities is considered. 

 At the workpiece roughness scale, the 
workpiece is considered to be rough and 

tool as smooth. The workpiece surface is 
flattened by tool as shown in Fig 2. 

 At the tool roughness scale, deformed 
asperities are ploughed by tool asperities. 

 A deterministic contact model [2] is used 
for ploughing of tool asperities. 

 
 
 
 
 
 
 
 
 
 
 

Fig 2.  (a) Representative workpiece and 
tool surfaces for friction model and (b) De-
formed workpiece surface and tool contact 
patches. 

Conclusion 

 Coefficient of friction calculated from the 
model for different tool roughness using 
the described friction mechanisms. 
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Introduction
Flexibility in the structure of wind turbine generators
can lead to:

• reduction of structural mass in the turbine
• reduction of cost
• reduction of weight

For this reduction an in-depth analysis of the interac-
tion between the Electro-magnetic field and the struc-
tural dynamic is necessary. In a first step an analysis
of a 600 W wind turbine generator is done.

(a) increase of structural mass over
wind turbine power output, from [1]

(b) Foto of the 600 W
test set up

Figure 1

Results
Experiments were carried out on a 600 W wind tur-
bine generator comparing:

• structural dynamics with EM interaction
• structural dynamics without EM interaction

The change in dynamic behavior can be seen in Fig-
ure 2.
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Figure 2: frequency respond plot around the 1. bending
mode frequency

This behavior was then modeled in a multiphysics
FEM simulation.

(a) magnetic force density and
direction in the linearization
point for the 1. bending mode

(b) harmonic perturbation of
the magnetic force density and
direction for the 1. bending
mode

Figure 3: change in magnetic force

Figure 2 shows the effect of the EM forces on the first
bending mode. The magnetic forces generate a force
in the same direction as the displacement of the ro-
tor. This can be seen as a negative stiffness that is
applied in the air gap of the electric machine. The
eigenfrequency of the 1. bending mode therefore de-
creases compared to the case without EM forces.

Conclusion
Computer models show that the Electro-magnetic
field has an substantial influence on the rotor dynam-
ics of the wind turbine generators. Structural Flexibil-
ity: A Solution for Weight Reduction of Large Direct-
Drive Wind-Turbine Generators
Future work will concentrate on rotational vibration
modes with special emphasis on the dynamics cause
by:

• torque cogging
• space harmonics of the magnetic field
• time harmonics of the magnetic field
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• Macroscopic equilibrium quantities can be 

 derived from the free energy; 

- dislocation density; 

- elastic strain field; 

- effective stiffness. 

 

 

 
  

 

 Microstate 

 

 

Discrete, straight and  

parallel dislocations on  

discrete glide planes           Elastic strain field  

Outlook 

• Evaluate expressions for physical quantities 

 in plane shear; 

• Influence of glide plane distributions; 

- Various glide plane distributions (regular/ 

irregular) [2]; 

- Unequal number of dislocations per glide 

plane; 

• Dynamics with GENERIC [3-5]; 

- Driving forces from free energy derivative; 

- Systematic derivation of kinetics (i.e. 

 response to driving forces). 

References 
[1] R.R. Netz. EPJ E:, 5:557-574, 2001. 

10.1007/s101890170039. 

[2] A. Roy et all. Mat. Sci. and Eng.: A, 486(12):653 661, 2008. 

[3] H.C. Öttinger, Phys. Rev. E, 57, 1416 (1998) 

[4] H.C. Öttinger, Beyond Equilibrium Thermodynamics, Wiley 

2005 

[5] M. Hütter, T.A. Tervoort, Adv. Appl. Mech., 42,253 (2008)  

 

 

Dislocations 
• Line-like defects in the crystal structure 

• Typical density:104 to 109 mm-2 

• Traction (macroscale)          

•          dislocation dynamics (microscale) 

•          plastic deformation (macroscale) 

• New model through systematic coarse-

 graining 

• First goal: stationary dislocation distribution 

Objective 
• Free energy derivative is driving force for 

 dynamics; 

• Partition function   can be calculated from the 

 mesoscale description.  

• Macroscopic free energy is 

•          Systematic derivation of driving forces 

 from mesoscale description. 

Model 
 

  

Macrostate 

• Temperature 

• Local chemical potential 

• Traction at the boundary 

 

 

Result 

The above partition function can be evaluated 

exactly along the same lines as [1], where the 

partition function for charges in water was 

calculated. This yields 

• Expressions for dislocation density, elastic 

 strain field and effective stiffness; 

• Change in effective stiffness due to 

 dislocations; 

• Reconstruction of known, logarithmic 

 interaction potentials; 

- Strong non-localities in the free energy; 

- Long-range effect of boundary conditions; 

• Distinct energy contribution from applied 

 traction and dislocation interactions; 

• Free energy expression applicable for 

 different glide plane distributions; 

• Scaling analysis indicates low-temperature 

 regime. 
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Introduction 
Understanding ‘product feel’ and the  
interaction of skin with product surfaces, 
packaging materials or medical equipment  
begins with an understanding of the friction 
behaviour. In this work, analytical models 
available from contact mechanics theory 
having a proven record in mechanical  
engineering have been used to develop a 
model predicting the friction behaviour of 
human skin.   

Elastic Properties 
 

 
 
To account for the multi-layered and non-
homogeneous structure of the skin, the  
concept of an effective elastic modulus was 
adopted, which led to a closed-form  
expression E = f(a) describing the elasticity 
of the skin as a function of length scale. 
 

 

Surface Topography 
To incorporate the influence of the skin  
microrelief a multi-scale contact model was  
developed in which the surface topography 
of the skin is considered as a nominal flat 
surface having a bi-sinusoidal profile  
characterized by a spacing and amplitude. 
 

 
 
Friction 
The evolution of the friction force Fµ with 
normal load F was calculated for nine  
different cases reported in literature using a 
two term friction model: 

Comparison of calculated and reported  
values for n shows good agreement. 
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Introduction
On site measurement of the sound absorption
coefficient is the only means to verify the actual
acoustic performance of installed sound absorbers,
for instance in concert halls, figure 1.

Figure 1: KKL Lucerne with detail of absorber.

However, with existing methods, measurement of the
sound absorption coefficient at low frequencies is not
possible near reflective surfaces. The Local Plane
Wave (LPW) method [1] offers a promising alternative
for such measurements. In this work, the accuracy of
the LPW-method has been investigated . The results
are compared to those obtained with an existing
method [2].

Model
The configuration and model are shown in figure
2a; it shows a point source above a semi-infinite
impedance plane that is bounded by an acoustically
reflective surface.
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Figure 2: Model description

The LPW-method is applied to determine the incident
sound intensity on three integration surfaces, see
figure 2b.

Results
The agreement between the analytical (3a), and
estimated (LPW-method) (3b) incident sound
intensity in figure 3 is very good.

a) Analytical b) Estimate

Figure 3: Incident sound intensity distribution

By spatial integration of the distribution of the incident
sound intensity, the incident sound power is obtained.
As the active sound power is also known, the
sound absorption coefficient can be determined.
Figure 4 shows that the estimated sound absorption
coefficient curves (blue, obtained with the LPW-
method) agree well with the exact curve (black) if the
distance d is small.
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Figure 4: Sound absorption coefficient.

The grey curve shows the curve obtained with the
existing two-microphone method for a semi-anechoic
sound field by Allard and Sieben [2]. Due to
interferences near 1200 Hz, this curve is significantly
distorted.

Conclusions and future work
The LPW-method is a promising method for in situ
sound absorption measurements in a wide range
of applications. Further work is oriented towards
application for non-locally reacting absorbers.
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In an elongated structure multiple active noise control

(ANC) sets are positioned. With their own reference

sensor, error signal sensor and actuator. The acoustic

propagation paths between the reference sensors, the ac-

tuators and the error sensors are identified on the fly1.

The interaction from neighbouring ANC sets are con-

sidered as an extra disturbance signal with a variable

acoustic propagation path. To make the setup flexible,

only the direct neighbours are considered.

On the left the algorithm is pictured. Output from error

signal 1 and 2 are displayed above and below. After half

of the samples the propagation path between the actua-

tor and error sensor was abruptly changed.
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The distributed setup of the algorithm with a limited number (2) of ANC sets does work. Work is done to extend the

number of ANC sets to 3 and more without introducing instabilities.
1 Y. Ohta and A. Sano, Direct adaptive approach to multichannel active noise control and sound reproduction, American Control Conference 2004.
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Introduction
Analysis of the nonlinear response of structures, es-
pecially thin-walled structures which are buckling sen-
sitive, is important for determining of their load carry-
ing capability. Due to the high computing cost usually
required for nonlinear structural analysis, reduced ba-
sis techniques that reduce problem size are attractive
whenever repetitive analysis is required, such as in
design optimization. Two main families of reduction
methods can be recognized:

• The first family consists of reduction methods
that work in combination with path-following
techniques.

• Another family of reduction methods are based
on Koiter’s perturbation method and numerically
perform Koiter’s asymptotic expansion at the bi-
furcation point.

Objective
The goal of this research is to develop a new ap-
proach called Koiter-Newton for the numerical solu-
tion of a class of elastic nonlinear structural analysis
problems. The method combines ideas from Koiter’s
initial post-buckling analysis and Newton arc-length
methods to make it accurate over the entire equilib-
rium path and also efficient in the presence of buck-
ling. The basic premise behind the method is the use
of Koiter’s asymptotic expansion from the beginning
rather than using it at the bifurcation point.

Path-following Technique
In every step of the Koiter-Newton approach, a re-
duced order model (ROM) is constructed based on
Koiter’s initial post-buckling theory. This ROM is used
to make an initial prediction of the response of the
structure. At the new predicted point, the exact resid-
ual is calculated using the full finite element model.
Then in a corrector step, this residual is driven to zero
similar to traditional Newton arc-length methods. As
the solution proceeds to higher and higher load lev-
els, the quality of the ROM is assessed and if needed

the ROM is updated to reflect changes in structural
stiffness and load distribution.

Buckling ?A known point Equilibrium equation

One DOF

Multi DOFs

No

Yes

Reduced order model

Solve the ROM

Residual satisfy 

the criterion ?
Residual will be driven to zero 

similar to traditional Newton arc-length 

Construct the reduced order model

Correct the results

No

Yes

Start a new step

Figure 1 : Flow chart of Koiter-Newton approach.

Results
Non-linear elements based on the element indepen-
dent co-rotational frame are applied.
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Objective
Concrete is a highly rate dependent material when 
subjected to high rate loading, with significant increase 
of strengths. There is a significant increase in dynamic 
strengths when compared to static strengths. This 
behavior is rather important under impact loading, 
therefore the objective of this research is to develop a  
physically realistic and a simple multiphysics model  for 
concrete  to account for the strength increase under 
dynamic loading conditions.

Methods
Rate effects in concrete can be mainly attributed to 
moisture content at low to medium loading rates where 
the viscous influence can be explained by Stefan effect 
and at high loading rates micro-inertia in the cracked
region. In order to capture the above physical 
phenomena, simple rate dependent damage models 
are used based on viscous regularisation of damage 
threshold and damage variable for low loading rates. At 
high loading rates inertia retarded damage models are 
used to capture the rate effect.

Constitutive equations

MultiPhysics Computational  Modelling of 
Damage in Heterogeneous Materials under 

Impact Loading
P.R. Mandapalli, L.J.Sluys and J.Weerheijm

Delft University of Technology
Faculty of Civil Engineering and Geosciences

phone +31 15 2783752, email: p.r.mandapalli@tudelft.nl

Introduction
Most of the infra-structures and protective structures are 
made of concrete and may be subjected to impact and 
shock loadings. Concrete is an extremely complex 
heterogeneous material and it’s material behavior 
should be studied to design the structures efficiently and 
predict the risks against these loading conditions. 
However, current knowledge of the various physical 
processes which take place at multiple scales which 
lead to final failure is insufficient  and hence there is a 
need to develop efficient and simple material models to 
accurately describe the failure phenomena.

Future Research
Combine rate dependent and inertia retarded damage 
models to cover a broad range of strain rates, study 
the influence of structural inertia at high strain rates. 
Extend the model to meso-scopic analysis.

Acknowledgements
Financial support from TNO is gratefully 
acknowledged.

(1 ) ed Dσ ε= −

Damage evolution rule: 0

( 1 )
01

r
A

rr
d e

r

+
+

+
+ −

+
+= −

The evolution of damage threshold 

( )0 , ,r r rµ φ τ+ + + + +=ɺ ( ) 0

< >
,

a
r

r r
r

τφ τ
+

+ +
+ + + +

+

 −=  
 

Visco damage model

Inertia retarded damage model

2( ) ( ) ( ) ( )m x x c x xκ κ κ κ κ+ − ∇ =ɺɺ

Inertia retarded damage model is an enhancement of 
the gradient damage model which is given below

Results

u(t)

Fig.1 shows the damage propagation using the inertia 
retarded damage model with 2.0 9 /m e sκ = −

Fig.1

Fig.2

t=3.0e-5s

Fig.2 shows the stress propagation along the length of 
the bar at different time intervals for a strain rate of 5/s, 
the maximum value of stress is around 10.6Mpa.The 
static strength being 3.5 Mpa an increase factor of 3.0 
can be observed. The inertia retarded damage model 
can be used to model the rate dependency of concrete 
quiet well at high strain rates, however in certain cases 
oscillations may occur in the post peak region of the 
stress-strain curves which are unrealistic.

t=2.0e-5s∆

.
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Introduction 

Labelling requirements with regard to the 
display of information on the wet grip, fuel 
efficiency and external rolling noise of tyres 
have been introduced by the European Tyre 
Labelling Regulation (EC/1222/2009). How-
ever, the wet grip and the rolling resistance 
are mutually correlated or simply improving 
one meant ruining another.  

The objective of this project is to develop a 
friction model for tire-road contact, based on 
a contact and material model, to be able to 
improve the wet grip between tire and road 
while the rolling resistance is not ruined. 
This friction model will also be used as an 
input to the research on noise reduction. 

 

 
 
 
 
 
 
 
 

 
Figure 1: A tyre label sample and the im-
proved grip behaviour in traction curve. 

 

Modelling 
Hysteresis and adhesion are the main con-
tributors in rubber friction. Previously the 
role of adhesion has been mainly neglected 
(1) while it seems that it plays a crucial role 
and in some cases it is even more important 
than hysteresis (2).  The total friction coeffi-
cient might be governed by: 

otheradhystotal    
 
eq. 1 

 
where hysteresis, adhesion and other con-
tributors such as energy dissipation at crack 
opening tips form the total friction. Studying 

the effect of different factors such as humidi-
ty, temperature and sliding velocity on ad-
hesion part of the friction is the main con-
cern. 

 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 

 
 

Figure 2: Rubber friction contributors [2] 
 

Experiment 
After modelling the contact between rubber 
and a rough surface on micro scale, the 
model should be validated in two different 
scales. Firstly on meso scale, considering 
controlled environmental conditions such as 
temperature, humidity as well as contact sit-
uations like velocity, pressure, roughness 
and sliding distance. Secondly field tests 
should be performed in real scales to vali-
date the models. 
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Figure 1: Non-isotropic hardening behaviour 

Objective: increased accuracy in FE simulations by 

characterizing and implementing differential hardening. 

Approach 

Simulation results using differential hardening are not 

always more accurate. 

 

 

 

 

 

 

 
Figure 2: Deep drawing and Punch stretching 

Need for reliable hardening data in a significant strain 

range. Comparison of stack compression test and 

hydraulic bulge test for the equibiaxial stress state. 

 

 

 

 

 

 

 

 

 

 

Figure 3: Stack compression test 

The stack compression test is a reliable test for 

hardening at the equibiaxial stress state, including the 

determination of the strain ratio, providing that the 

friction is small and quantified for the test conditions. 

 

 

 

 

 

 

 

 

 

 

Figure 4: Hydraulic bulge test 

The hydraulic bulge test is a reliable test for hardening 

up to high strains. Due to the boundary conditions of 

the test the stress state is at or very close to equibiaxial 

strain. 

 

 

 

 

 

 

 

Figure 5: Stress and strain ratio in bulge test 

The stress in the pole position can be accurately 

established using optical measurement systems and a 

procedure to fit the surface to an ellipsoid shape. 

 

 

 

 

 

 

 

Figure 6: Stress accuracy using ellipsoid shape fit 

The above accuracy is achieved by fitting the surface 

of the bulge test to an ellipsoid shape, by calculating 

local strains on the surface, correcting that for bending 

and elasticity, and using the radius of curvature for the 

thus established midplane coordinates. 

Future work 

• The development of a compressive plane strain test 

that will give reliable flow stress data for that strain 

state up to high strains. 

• Finding a plausible metallurgical explanation for the 

differential hardening phenomenon. 
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Introduction

ML anisotropic damage model is an extended version
of Lemaitre’s anisotropic damage model. The
extensions are made to account for Material Induced
Anisotropic Damage (MIAD), damage development
under compression and strain rate dependency in
damage evolution.

Material induced anisotropic damage

Figure 1 : Polar graph of iso-damage lines plotted as a
function of the loading angle from rolling direction (RD)
and equivalent plastic strain.

DP600 is plastically isotropic however it has
a preferred failure orientation due to MIAD.
Figure 1 shows the influence of MIAD on damage
development in DP600. The failure orientation in
DP600 due to MIAD can now be predicted using the
ML anisotropic damage model, see the cylindrical
cup drawing results in Figure 2.

(a) Experiment (b) Simulation

Figure 2 : Prediction of failure orientation using ML
anisotropic damage model.

Valid for wide range of triaxiality
The damage distributions observed in DP600
butterfly specimens at different loading angles
(Figure 3) can now be predicted using the ML
anisotropic damage model (Figure 4).

(a) Butterfly specimen (b) Φ = 0◦

(c) Φ = 45◦ (d) Φ = 90◦

Figure 3 : Fractographic images at different loading
angles (triaxialities) showing the void distribution.

Figure 4 : Maximum principal damage distribution at
section A-A obtained from the FEM simulation using ML
anisotropic damage model.

Conclusion & Further work
ML anisotropic damage model is a sound numerical
tool for failure predictions in metal forming
applications. Further research is required to link
the MIAD parameters with the microstructure of the
material.
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Introduction
The bulge test technique is an acknowledged technique
for characterizing thin films. However, the bulge equations,
which are required to calculate stress and strain, limit the
applicability of the method.
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Figure 1 : The virtual experiment, a deformed image g(~x) is created by
applying the FEM deformation field to a measured reference image f(~x).

Goal
Develop a new bulge test method using full-field profilome-
try combined with Global Digital Image Correlation (GDIC).
The new method measures local stress and strain directly,
without a priori knowledge of the deformation geometry.

Virtual Experiment
The method is benchmarked on a Virtual Experiment,
which is simulated using FEM (Fig. 1). The displace-
ment field obtained from applying a custom GDIC method
(Fig. 2a-c) is then compared with the FEM displacement
field as a measure of accuracy (Fig. 2d).
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Figure 2 : (a,b,c) The displacement fields as obtained by the GDIC
method, their smoothness is enforced by the polynomial shape

functions. (d) The error in displacement field, note that the largest errors
are near the edges of the domain.

Global Digital Image Correlation
In GDIC a deformed image g(~x) is compared with a refer-
ence image f(~x) to find the displacement field ~u(~x).

η2 =
∫

[f(~x)− g (~x+ ~uxy(~x)) + uz(~x)]
2
d~x (1)

The above minimization problem is ill-posed, therefore ~u
is discretized using shape functions ϕn with Degrees Of
Freedom (DOF) un

~u(~x) =
∑

n

unϕn(~x)~ei (2)

For this case, ϕn are Chebyshev polynomials to allow ac-
curate curvature calculations, from which the stress is de-
termined (Fig. 2).

Figure 2 : Stress and Strain obtained from the FEM simulation compared
with the new GDIC method for two common membrane shapes.

Accuracy Analysis
In Fig. 3 can be seen that the number of DOF affects the
accuracy.
• Few DOF→ under-kinematic→ interpolation error
• Many DOF→ over-kinematic→ noise sensitive

Figure 3 : The relative error in displacement as a function of the number
of DOF. The error decreases when more DOF are added, but also

becomes more noise sensitive.

Conclusions
The new bulge test method improves accuracy, but more
importantly does not rely on bulge equations and can
therefore be applied to more membrane shapes.



Integrated actuators and sensors
A SHM environment requires these technologies to  
become an integral part of the structure. This urges 
the development of integrated measurement system. A 
composite T-beam (figure 2) is used to demonstrate the 
feasibility of using low cost piezoelectric diaphragms 
for dynamic characterization (figure 3) and vibration 
based damage identification (figure 4). Impact damage 

Vibration based Structural Health Monitoring of 
Skin-stiffened Composite Structures

T.H. Ooijevaar, R. Loendersloot, L.L. Warnet, A. de Boer, R. Akkerman
Faculty of Engineering Technology, University of Twente

P.O. Box 217, 7500 AE, Enschede, The Netherlands
Phone: +31(0)53-4892569, e-mail: t.h.ooijevaar@utwente.nl

Conclusion
The feasibility of utilizing low cost piezoelectric  
diaphragms for dynamic characterisation and vibration 
based damage identification is demonstrated.

Figure 3: Comparison of a frequency response measured by 
a laser vibrometer and a piezoelectric diaphragm.

Why SHM?
One of the key issues in composite structures for air-
craft applications is the early identification of damage. 
Their identification often imposes costly and time con-
suming maintenance techniques (figure 1). Vibration 
based Structural Health Monitoring (SHM) proposes 
a promising alternative. The measured change of the  
dynamic properties is employed to identify damage.

at the skin-stiffener connection (figure 5) is detected 
and localized by applying the MSE-DI algorithm on the 
measured bending strain mode shapes[1].

Failure mechanism
Analysis of a [90/0]4,s and [0/90]4,s T-beam showed  
failure mechanism dependent results and its influence 
on the effectiveness of the SHM approach. Under-
standing of the ‘failure mechanism - damage feature‘ 
relation can help to optimize the damage identification.

Figure 1: Costly and time 
consuming inspections.

Figure 2: T-beam with inte-
grated sensors / actuators.
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Motivation
é Our Flapping Wing Micro Air Vehicle (FWMAV)

uses a resonating compliant structure to drive the
flapping motion of the wings.

é Flapping amplitude is maximized if the driving fre-
quency is close to the structural eigenfrequency.

é The symmetric four wing flapping motion is
achieved by proper tuning of all structural compo-
nents (weights, stiffnesses and their distributions).

é For active flight control, the resonant structure
might be changed locally to modify the dynamics.

Simplified compliant resonating FWMAV structure

Current FWMAV design Total compliant structure Symmetric flapping motion

simplified
structure

actuated in
resonance
frequency

flapping
amplitude

Eigenmode control
For optimal control of the eigenmode one seeks for
the optimal location, number and size of structural
changes to accomplish a specific change in the reso-
nance mode with minimal control power.

Actuators, like piezoelectric patches, can be used to
achieve local structural changes by:

3 altering the stiffness,

3 changing stiffness indirectly by altering the shape
of the structure,

3 altering the damping.

Altered resonance eigenmode

Asymmetric flapping motion,
required for active flight control

reference
flapping

amplitude

altered flapping
amplitude

region
with local
structural
changes

Eigenmode sensitivity
Eigenmode sensitivities are used to find the optimal
structural changes. Fox and Kapoor[1] have written
the eigenmode sensitivity as:

∂vk
∂i

=

N∑
l=1

αklivl,

where αkli defines how much each eigenmode vl con-
tributes to the sensitivity of eigenmode vk. This rep-
resentation gives an insightful relation between the
eigenmode sensitivity and the location, number and
size of structural changes.

Potential of method
o Control specific point, e.g. location of a hinge, of

the eigenmode.

o Control the global eigenmode.

o Control the corresponding shift of resonance fre-
quency.

o Investigate mode multiplicity as a source for rapid
vibrational changes.
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Introduction
Cast iron is a ferrous alloy with a complex microstruc-
ture composed of anisotropic graphite inclusions em-
bedded in a metal matrix. One application of cast iron
can be found in truck engine cylinder heads (Fig. 1).

TMF cracks at cylinder
head valve bridge

Truck engine

Truck cylinder head

Compacted cast iron

Figure 1 : TMF cracks at valve bridges.

A problem present in cylinder heads is thermo-
mechanical fatigue (TMF). TMF is related to the ther-
mal stresses developed due to the start up-shut down
thermal cycling, which leads to valve bridge cracking
and ultimately to TMF failure (Fig. 1). Among the
process involved, mechanical stresses and stress re-
laxation play a key role in TMF (Fig. 2).
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Figure 2 : Thermal cycling in the cylinder head.

Cast iron microstructural model
A 2D Representative Volume Element (RVE) has
been developed (Fig. 3) to study CGI’s mechanical
and thermo-mechanical response.
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Figure 3 : 2D microstructural model showing anisotropy
orientation in graphite.

Elastoplastic model used to evaluate the influence
of graphite’s anisotropy on cast iron micro-mechanics.

Model w/ anisotropic graphite,

Ea = 1020 GPa & Ec = 36 GPa

Model w/ isotropic graphite, 

Eg = 528 MPa

Model w/ anisotropic graphite,

Ea = 1020 GPa & Ec = 36 GPa

Strains in the graphite

Strains in the matrix

Model w/ isotropic graphite, 

Eg = 528 MPaε11
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Figure 4 : Influence of graphite’s anisotropy.

Viscoplastic model the time dependent behaviour
is introduced in the model via a viscoplastic model for
the matrix (Fig. 5).
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Figure 5 : Viscoplastic model parameter identification.

Future work
FE implementation of the matrix viscoplastic model,
use in the 2D RVE to introduce the time dependent
behaviour in the cast iron microstructural model.
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Introduction 

The project aim is to understand and predict the ef-
fects of time, stress, temperature and humidity on the 
mechanical response of thin semicrystalline polymer 
foils during lithographic processing and handling. The 
major part of the project is the development of a multi-
scale modelling tool capable to predict dimensional 
stability of flexible substrates, in particular PEN and 
PET foils, which are used to manufacture plastic elec-
tronics, for in-
stance, a plastic 
memory for RFID 
or the backplane of 
a flexible display 
(figure 1). 
The industrial ap-
plication consists 
in improvement of 
the cost-effective 
roll-to-roll process 
used by the Holst 
Centre. 

Approach and modelling scheme 

The composite inclusion model is a material point 
model, relating the macroscopic stress and the de-
formation gradient, and is based on a layered two-
phase element (figure 2). Effective (macroscopic) 
stress and deformation gradient are obtained by av-
eraging quantities of the set of variously oriented 
linked inclusions, consisting of crystalline and amor-
phous domains, which have their own constitutive be-
haviour. Using an experimentally measured crystal-
line orientation distribution, the mechanical response 
of the oriented semicrystalline material can be mod-
elled. 

 

Figure 2: Overview of the micromechanical model. 

The characterisation is done in two steps: at first the 
behaviour of amorphous PET is investigated at differ-
ent temperatures, then the crystalline phase is stud-
ied. The result is validated by comparing the long-
term behaviour. 

Results 

Intrinsic deformation behaviour obtained with uniaxial 
compression test clearly shows that PET is thermor-
heological complex material, i.e. has multiple relaxa-
tion mechanisms. It is possible to describe the behav-
iour of amorphous PET using the EGP (Eindhoven 
Glassy Polymer) model (figure 3).  
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Figure 3: Comparison of modelling calculations with 
experimental results for amorphous PET at 23°C. 

Texture evolution of semicrystalline PET observed 
during simulation of uniaxial compression corre-
sponds to experimentally observed alignment of ben-
zene rings and molecular chains in plane normal to 
loading direction (figure 4). 

 
Figure 4: Texture evolution of 30% crystalline PET. 

Conclusions 

• At crystallinity below 10% plastic deformation of 
crystals has little contribution to the hardening; 

• At temperatures close to Tg long testing times lead 
to significant material rejuvenation due to in-
creased molecular mobility; 

• Major plastic deformation mechanisms of the crys-
talline phase are (100)[001] chain slip and 
(100)[010] transverse slip. 

 
Figure 1: Flexible display made 

by HP and ASU. 
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Introduction
Thermal Barrier Coating (TBC) systems are applied
in gas turbine engines used for propulsion and power
generation to increase their thermodynamic efficiency
and to protect critical structural components. Thermal
cycling, as shown in Figure 1, causes high stresses in
the TBC system due to a mismatch between the co-
efficients of thermal expansion of the substrate and
the different layers in the coating system [1]. These
stresses induce cracks that ultimately lead to failure
of the system [2]. Due to the damage in the TBC sys-
tem, engines need to be regularly repaired, leading to
significant maintenance costs.

Compressor Combustor Turbine

Damage

Time

Temperature 
(oC)

1350

1100

800-900

Figure 1 : Typical thermal cycle of a gas turbine engine.

Objective
The goal of this project is to extend the TBC system
lifetime by incorporating a self-healing mechanism in
the system. The proposed mechanism relies on en-
capsulated healing particles dispersed in the TBC
layer. In the self-healing TBC system, cracks occur-
ring in the TBC layer during the cooling process will
be healed in the next cycle, as shown in Figure 2.
The development of this novel TBC system will be
achieved through numerical modelling combined with
experimental work.

Substrate

TGO

Healing particles
in TBC layerTBC system

α-Al2O3

TBC healing

High temperature gas

Inner blade 
cooling system

BC
TBC damage

SiO2

Crack

TBC

MoSi2

Alumina shell

Figure 2 : Schematic of crack-healing mechanism in
a TBC system with encapsulated Mo-Si based parti-
cles. The TBC system comprises a nickel based super-
alloy substrate with a MCrAlY bond coating (BC) and
the modified yttria stabilized zirconia (TBC). During ser-
vice, a thermally grown oxide (TGO) appears between
the TBC and BC layers.

Approach
The main modelling steps include

• Simulation of fracture response on representa-
tive volume elements under thermomechanical
loading of a TBC system

• Coupling of a TGO growth model to the thermo-
mechanical FEM simulations

• Incorporation of a reaction-diffusion model to
simulate the healing process

The fracture behaviour will be modelled using a co-
hesive law that also accounts for healing. Parametric
studies of different morphologies will be carried out to
identify an optimal configuration for the self-healing
TBC system.
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Introduction 
The most fundamental interaction between a 
user and a product is physical touch. Human 
mechanoreceptors of the skin, Fig. 1(a,b), 
transmit sensory information related to per-
ception of textures. These sensory neurons 
are stimulated by the vibrations generated 
when rubbing the finger pad across a sur-
face, Fig. 2 (a). 
 
 
 
 
 
 
 
 
 
 
Figure 1: a) Skin layers, b) Mechanorecep-
tors. 

Objective 
The objective of this research project is to 
determine the parameters that play a major 
role, for textures differentiation by touch at 
the nano scale. The final result will be a 
model that combines the physical and 
chemical properties at the surface of the 
two-body tribo-system, Fig. 2 (a). The result 
would have an important impact in the de-
sign of textures for specific purposes.  
 
   
 
 
 
 
 
 
Figure 2: a) Fingertip rubbed against a 
rough surface, b) Load cell with sample. 

Method 
The problem is described as a tribo-system 
composed of the skin; different types of  

polymers; and controlled environmental 
conditions. The friction profile and friction 
coefficients will be determined by using a 6-
axis load cell, Fig. 2 (b). 
 
A typical graph, based on experimental re-
sults, containing the input data of the model 
is presented in Fig. 3. These results will help 
for the understanding of the complex behav-
iour of an anisotropic and layered body such 
as the human skin, by defining the adhesive 
and deformation properties during the fric-
tion process. Furthermore, these results will 
be linked to the perception or feeling of a 
particular texture.  
 
 
 
 
 
 
 
Figure 3: a) Normal load (black) and friction 
profile (blue), b) Friction coefficients of dif-
ferent types of materials.  

Future work 

 Determine parameters affecting the pro-
cess during the touch experience.  

 Analyse the relationship between me-
chanical and chemical properties of the 
tribo-system, with the perception or feel-
ing like of a texture.  
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Introduction
Vibration diagnostic is a powerful tool for performance
evaluation and condition assessment of machinery
and structures. The traditional vibration monitoring
consists of decentralized measurements at the
structure, centralized analysis and a decision making
process for immediate or future action.

measurement

analysis

evaluation

wireless

sensing

smart

network

Figure 1 : Traditional vs WiBRATE approaches.

WiBRATE offers an alternative by employing
Autonomous Smart Sensor Networks, operating
locally. With this approach, vibration monitoring
becomes an embedded function for complex
components, i.e. helicopter rotor blades.

Figure 2 : WiBRATE case: Helicoper Blade.

Objective
WiBRATE strives for wire-less and battery-free
operation which implies practical advantages for
measuring on hard-to-reach locations such as
rotating blades. Another goal of WiBRATE is
instantaneous judgement of the vibration signal, for
which embedding knowledge of the component in the
sensor is required.

Local vs Global Approach
By correlating vibration signals from several discrete
points of the structure, the paths for damage
dentification and performance evaluation are opened.

This sets a dual goal for the sensing network:
monitoring damage evolution while assessing global
condition. On the helicopter case this goal allows
tracking the effects of structural problems of the
blades on the aerodynamic performance [1].
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Figure 3 : Interaction Local - Global

Functions
The functions of the sensors in the network are: (1.)
to detect local abnormalities, (2.) to interact with
each other for localization and quantification of the
damage [2], (3.) and to integrate different types of
measurements for performace evaluation.

Further work
The following activities are scheduled:
• Migrating existing vibration monitoring

techniques to smart wireless networks.
• Explore damage identification algorithms

suitable for helicopter rotor blades.
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Introduction 
The presence of a network of ribs in grid stiffened 

structures limits the available space for 

attachment of load bearing elements to the 

fuselage barrel. Conventional joining methods 

used may result in alterations in the fuselage 

panel resulting in termination of the ribs and 

added weight due to reinforcements of the ribs at 

joint locations. 

 
Figure 1: Isogrid panel showing rib crossings 

Problem Statement 
A suitable combination of optimised grid 

parameters1  like orientation and spacing as well 

as modified joint technology such as use of 

additional frames or joining elements will provide 

an efficient solution, however, the strength and 

buckling2 characteristics of the interface will 

change as compared to the conventional joint. 

 

 
Figure 2: Types of possible joints 

Objective 
To optimize the size and layup of the joint 

elements such that the weight and manufacturing 

cost are minimised and to estimate the strength 

and buckling characteristics of the structure with 

the recommended interface between the fuselage 

barrel and the floor. 

 

 

FE model 
A finite element model of the complete assembly 
of the fuselage barrel section with the floor is 
created and linear static analysis is carried out for 
several load cases. 

 
Figure 3: Components of the assembly (except grid) 

 
Figure 4: Methodology 

Implications 
The stiffness added by the ribs in the panel close 

to the locations of attachment between the 

fuselage and floor beams facilitates in the load 

bearing and transferring characteristics of the 

joints. A conventional floor beam to frame 

attachment in grid stiffened structures 

demonstrates lower weight than for the 

conventionally stiffened structure. 
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Introduction
The need for high-performance materials in advanced
engineering applications has led to a growing de-
mand for computational models that can accurately
predict their behavior. High-performance materi-
als are often reinforced with fibers which introduce
anisotropic behavior and complicate this task.
A realistic description of fiber-reinforced composites
can be achieved by considering each fiber [1]. Here,
the model described in [1] is improved by adding
known information about the fiber behavior [2].

Method
The model hinges on the decomposition of the fiber-
reinforced composite kinematics into matrix and fiber
contributions according to

u = Na a +
fibers∑
i=1

Nbi bi ,

employing the partition-of-unity property of finite ele-
ment shape functions. The flexibility offered by this
approach is such that the fiber basis functions con-
tained in Nb can be enriched with knowledge about
the physics of the problem. Furthermore, as shown in
Figure 1, the fibers are superimposed on the matrix
material mesh, thus avoiding the need for complex
meshing procedures.

fiber reinforced
composite

fibers

discrete
fibers

matrix

background
mesh

fibers do not conform
to mesh

Figure 1. Modeling of fiber-reinforced materials made
simple.

Constitutive equations, defining the behavior of the
materials in question, are defined by the user, mak-
ing the model applicable to a large class of fiber-
reinforced composite materials.

Results
In a typical pull-out test, the slip profile shows an ex-
ponential boundary layer close to the ends of the fiber

as reported in Figure 2.

fiber

slip

boundary layer

Figure 2. Fiber slip behavior in a symmetrically loaded
plate.

Accordingly, exponential functions are used to con-
struct the fiber contribution, fitting the solution space
more efficiently than the polynomial basis. As shown
in Figure 3, this improved fit leads to a reduction of
the amount of elements needed to obtain a converged
solution compared to the regular FEM basis functions
used in [1].
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Figure 3. Convergence of the fiber slip is improved by
using solution-based basis functions instead of regular
FEM functions.

Conclusions
Nonpolynomial solution-based basis functions for the
accurate, yet computationally inexpensive modeling
of fiber-reinforced composites have been successfully
employed.
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Introduction
Binary-phase flows have an important role in the sim-
ulation of natural events, such as ice melting, crys-
tal growth and bubble and droplet formation. Sharp-
interface methods are common approaches for these
flows. However, these methods can not deal with thin
contact-lines and are unable to capture processes
such as fission and coalescence. Therefore, they are
inadequate to simulate droplet formation (Fig. 1) in
inkjet processes .

Figure 1 : Inkjet droplets

Alternatively diffuse-interface models can be used to
avoid the numerical difficulties associated with the
sharp-interface models. Moreover, in contrast to
sharp-interface models, diffuse-interface models in-
herently describe topological changes.

Figure 2 : Illustration of sharp (left) and diffuse (right)
interface

Diffuse-interface models provide a perfect basis for
numerical simulation of droplet formation.

The Model
One of the recent models for diffuse-interface meth-
ods is a coupled system of two well-known equa-
tions. The Navier-Stokes/Cahn-Hilliard, also known

as ’Model H’ [3]:

ρ
dv
dt

− div (2η(c)Dv) +∇p = −σε div (∇c⊗∇c)

div v = 0

∂c+ v.∇c = div (m∇µ)

µ =
σ

ε
ψ′(c)− σε△c,

where ρ is the density, v is the mean velocity, Dv =
1
2

(
∇v +∇vT

)
is the stretch, p is the pressure, c is a

concentration related parameter of the fluids, η(c)> 0
is the viscosity of the mixture, σ is the surface en-
ergy density, ε > 0 is an interfacial region thickness
related small parameter, ψ is homogenous free den-
sity, µ is chemical potential and m> 0 is a concentra-
tion dependent mobility constant. Due to the surface
tension, capillary force term is ε div (∇c⊗∇c) ([1]).

Future Work
The model will be extended and implemented using
adaptive finite element strategies in both time and
space (Fig. 3) for the simulation of droplet formation
(Fig. 4). Adaptivity will be based on mesh deforma-
tion and topological mesh refinement.

Figure 3 : Adaptivity

Figure 4 : Droplet coalescence [2]
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Friction stir welding 
Friction stir welding (FSW) is a relatively new solid-state 
joining technology for metals. It is used for applications 
where the original metal characteristics must remain un-
changed as far as possible, particularly for aluminium 
alloys. The development of new variants of FSW is an 
ongoing process. In this work the deposition of thin lay-
ers of pure aluminium on AA 2xxx alloys is studied em-
ploying an in-house developed innovative FSW tool, see 
Figure 1. This process enables the addition of dissimilar 
materials for corrosion protection and hardening of the 
weld.

Innovative development
A prototype of the modified friction stir welding tool is pro-
duced and is continuously being developed. An in-depth 
study is required to understand and optimize the process. 
Two different types of cladding layers are observed, i.e. 
a layer of pure aluminium on the AA2024 substrate and 
a layer of pure aluminium mixed with the substrate, see 
Figure 2. There exist many process parameters and a 
process window is required to predict one of the two lay-
ers.

Figure 1: Cladding employing an innovative FSW tool.

Figure 3: Macrographs demonstrating the grain size dis-
tribution of the transverse section of the weld. A pure alu-
minium layer (a) and a mixed layer (b).

a)

b)

Figure 4: Typical Vickers hardness distribution of the 
cladding layer (a) and the mixed layer (b).

a)

b)

40 60 80 100 120 140 160

The cladding process
The aluminium samples are characterized using opti-
cal microscopy, see Figure 3, hardness measurements, 
see Figure 4, and energy-dispersive X-ray spectroscopy 
(EDS). 

Bonding experiments
The behavior of bonding at different temperatures, pres-
sures and rotation angles is researched with additional 
bonding experiments on aluminium, see Figure 5.

Numerical simulations on bonding
The bonding experiments are simulated with a finite ele-
ment method. The bonding behavior is included in the 
contact elements between two bodies, see Figure 6. 

Cladding

Consumable
rods

Substrate 
translation

Tool pressure

Tool rotation

Cladding pressure

Figure 5: Bonding experiments. An AA1050 disc com-
pressed between two AA2024 parts.

Rotating

Fixed

AA2024AA1050

Figure 2: Cladding (a) and mixing (b) of 1050 aluminium 
on a 2024 aluminium substrate.

a) b)

Figure 6: Simulations of the bonding experiments with 
symmetrical boundary conditions.
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Work breakdown
The research project is divided in three parts.
1. The cladding process
2. Bonding experiments
3. Numerical simulations on bonding
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Introduction
Sequestration of carbon dioxide (CO2) is considered
as an effective strategy in the worldwide effort to re-
duce the human contribution to climate change. The
simulation of the multi-physical processes involved in
this problem is essential for understanding and moni-
toring the process and designing field parameters.
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Figure 1: Geological sequestration of carbon dioxide

Objective
The objective of this research is to develop a compu-
tationally efficient model for the simulation of CO2 se-
questration. Focus is placed on developing a numer-
ical procedure, which is efficient, mesh-independent
and suitable for problems at regional scales.

Approach
The averaging theory is utilized to describe the gov-
erning equations of the involved unsaturated multi-
phase flow. The water flow equation is written as:(

α − ϕ

Ks
S2

w +
ϕSw

Kw

)
∂ Pw

∂ t
+

α − ϕ

Ks
Sw Sg

∂ Pg

∂ t

+αSw mT ∂ ε

∂ t
+
(
α − ϕ

Ks
Pw Sw − α − ϕ

Ks
PgSw + ϕ

)
∂ Sw

∂ t

+∇ ·
[

kkrw

µw
(−∇Pw + ρw g)

]
= qw

for the CO2 flow, the continuity equation is:
α − ϕ

Ks
Sw Sg

∂ Pw

∂ t
+

α − ϕ

Ks
S2

g
∂ Pg

∂ t

−
(
α − ϕ

Ks
Sg (Pg − Pw ) + ϕ

)
∂ Sw

∂ t
+

ϕSg

ρg

∂

∂t

(
PgMg

θ̂R

)
+αSgmT ∂ ε

∂ t
+ ∇ ·

[
kkrg

µg
(−∇Pg + ρg g)

]
= qg

and the momentum balance equation is written as:
∇ · σ + ρg = 0

The level-set method and the extended finite element
method (XFEM) are utilized to simulate flow of the
CO2 plume. The level-set is employed to trace the
plume front. The extended finite element method is
utilized to model the high gradient in the saturation
field front.

Results
The capability of the proposed model is evaluated by
numerical examples, demonstrating its accuracy, sta-
bility and convergence, as well as its advantages over
standard FE and upwind techniques (Figure 2).
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Figure 2: Saturation profile for three numerical approaches

Figure 3 illustrates a leakage scenario of CO2 from an
abandoned well. It consists of a CO2 injection well,
two aquifers, one aquitard and a leaky well. The in-
jected supercritical CO2, which is less dense and less
viscous than the resident water, is driven by buoyancy
forces towards the top of the injection formation and
the upper layers through the leaky well.
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Figure 3: CO2 plume position at different times
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Introduction 
The design problem for structural applications is often: 
minimize mass without causing any material failure (e.g. 
stress constraints). However, topology optimization 
techniques are generally based on: maximizing the 
stiffness for a given weight.  
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Level set-based optimization 

Results 
Optimization problem 
For the two approaches, the optimization problem is 
formulated as: 

1.  Stiffness-based design:  
maximizing stiffness s.t. a mass constraint 

2.  Stress-based design [1]:  
minimizing mass s.t. a stress constraint. 

These problems are solved using a level set method for 
describing the structural domain. 

Conclusions 
q  Stress-based design ≠ Stiffness-based design under 

multiple loading conditions. 
q  Our level-set based approach is able to generate well-

performing stress-based designs. 

Aim 
q  To develop topology optimization techniques which can 

handle stress constraints. 
q  To investigate the difference between two approaches:  

a stiffness-based design versus a stress-based design.  
 

(a) Density distribution.
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(b) On top and bottom, the Von Mises stress field for the first
load case (↵ = 0) and second load case (↵ = 10) are shown,
respectively.

Figure 11: Compliance-based design for the two loading conditions combined.

Furthermore, it can be seen from Table 5, that for each load case the maximum allowable stress limit is
exceeded. It can be observed that the optimized design for the combined load case is non-optimal in terms
of distributing the stress since there is a large di↵erence between the maximum stress values for each load
case, �̃max(u

1

) = 57.08 vs. �̃max(u
2

) = 107.35.

Table 5: Compliance-based design for di↵erent load cases.

Load Case Volume (%) max�
vm

Compliance

↵ = 0 12.00 153.43 7.09

↵ = 10 28.00 111.68 3.64

Combined* 30.29 57.08/107.35 2.10/4.12

*For the combined case, the two entries for stress and compliance
correspond to load case ↵ = 0 and ↵ = 10, respectively.

C. Dependence on initial design

One of the major di�culties we have observed is the strong dependence on its initial design. Especially, for
stress constraints we observed this problem. This will be illustrated by repeating stress-based optimization
for the second load case (↵ = 10) for a di↵erent initial design shown in Figure 12. Instead of the coarse
distribution of large holes in Figure 7, we use a refined initial design with a increased number of smaller
holes.

Figure 12: Refined initial design with an increased number of smaller holes.
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case (↵ = 10) the optimized design converged to V = 28.24% has completely di↵erent design, which is a
combination of diagonal and vertical members. Furthermore, note there still exists a relatively large region
of low stress material connected to the leading edge, which appears to be suboptimal.
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(a) Stress-based design for load case ↵ = 0 in Figure 6(a).
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(b) Stress-based design for load case ↵ = 10 in Figure 6(b).

Figure 8: Stress-based design for the two loading conditions individually. On top the material distribution
is shown and on bottom the corresponding Von Mises stress belonging to the applied load case.

The optimized design for the combined load case is shown in Figure 9. It can be seen that the design shows
more resemblance with the second load case ↵ = 10. Both structures have the same topology. However, the
diagonal members in the mid area between the spar connection and the trailing edge did change in shape
and are in between the designs for the two individual load cases. The data for the each single load case and
the combined case are listed in Table 4.

(a) Density distribution.
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(b) On top and bottom, the Von Mises stress field for load case
1 and load case 2 are shown, respectively.

Figure 9: Stress-based design for the two loading conditions combined.

When minimizing volume, the stress constraint for the second load case ↵ = 10 is more critical. The stress
constraint of the first load case becomes first active and therefore the optimizer only follows this constraint
surface until the moment that the second constraint becomes active. Therefore, the design for the combined
load case shows more resemblance with the second load case ↵ = 10. The design is also less optimal in terms
of weight than the other two designs which is most likely a results of the fact that the shape of the members
is now less optimal for the second load case ↵ = 10 (which becomes critical first). To compensate for this
less mass was removed from the structure.
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Weight-optimization 
Design Domain 

Stress-based design   Stress fields 
 

Design Problem 
We will compare a stress-based design to a stiffness-
based design.  The design problem is to find an 
optimized design of an airfoil subjected to multiple 
loading conditions [2]: 

q  Stiffness-based design:  σ1max
	  ≠	   σ2max 

q  Stress-based design:  σ1max
	  ≈	   σ2max 
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+ No intermediate densities (except at the boundary).  
For these intermediates the stress is non-uniquely defined. 
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Introduction
Copper-rubber interfaces play a major role in a vari-
ety of products, e.g. stretchable electronics, figure 1.

Figure 1 : Stretchable electronics examples. Left:
health monitoring tattoo. Right: heart ablation catheter.

Interface delamination causes failure of the product.
An important delamination mechanism was found to
be fibrillation, see figure 2.

Rubber

Copper

Figure 2 : Fibrillation in peel test [1].

The dissipation related to fibrillation is dependent on
the loading conditions, rendering the obtained inter-
face properties intrinsically case-specific. To obtain
predictive models, the micro-scale dissipation mech-
anisms need to be taken into account explicitly and
this asks for a multi-scale approach.

Objective
Develop a technique for the multi-scale modeling of
cohesive interfaces to (1) obtain a better understand-
ing of the micro-scale processes occurring during de-
lamination and (2) use this knowledge to develop and
quantify predictive models at the application scale.

Methods
The multi-scale approach is outlined in figure 3. On
the macro-scale cohesive zones are used. Instead
of assuming the traction-opening relation a priori, it

is determined from the underlying micro-structural
model.

rubber
cohesive

zone

copper

CZ opening ΔCZ traction T

Δ

copper

rubber

Opening

T
ra

c
ti
o
n

Micro-scale adhesion

Figure 3 : Multi-scale procedure. Macro (top) and micro
(bottom).

Results
The final geometry before (instantaneous) fibril
debonding is shown in figure 4 for a single fibril micro-
model. After debonding all elastically stored energy is
assumed to be dissipated.

Figure 4 : Typical micro-model results. Left: de-
formed geometry, Von Mises stress, copper substrate
not shown. Right: traction-opening curves. Grey curve,
micro-scale adhesion; black curve, homogenized CZ
traction.

[1] vd Sluis, O. et al.: J. Phys. D: Appl. Phys., 44:034008, 2011



Introduction 
Ring rolling is an advanced forming process to manufacture 
seamless rings. Typically two rolling processes are done 
simultaneously, radial rolling and axial rolling as shown in Figure 
1. b. In the radial stage, the ring thickness is gradually reduced, 
while the axial stage serves to control the final width of the ring. In 
some process conditions, secondary porosities are found in hot 
rolled rings. The aim of this project is to create an efficient 
simulation tool for the prediction of damage initiation and evolution 
in hot ring rolled products.  
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 

Fig.1: a: SKF rolling bearing. b: Hot ring rolling process. c: Picture of 
pores  in hot rolled rings. d: Microscopy  description of porosity. 

Experiment and Simulation  
To investigate the temperature-stress-strain histories of the 
deformation zone by a relative cheaper and well controlled test 
compared to full scale ring rolling test, Hot multi-axial compression 
tests were performed with the Gleeble® 3800 mounted with the 
MAXStrain® multi-axis simulator Unit at Delft University of 
Technology [1]. 
 

 

 

 
 

 

 

Fig 2: Gleeble test. a: Specimen between two hits. b: Specimen after 
deformation [1]. 

A  3D  finite element model was built afterwards based on the test 
setup. Only one-eighth of the specimen was modelled due to the 
symmetry. The displacement boundary conditions of the two 
punches were prescribed using experiment nominal data. A 

Simulation tool for damage development  
during hot forming of rings 

C. Wang, H.J.M. Geijselaers 
Chair of  Applied  Mechanics, University of Twente 

P.O. Box 217, 7500 AE Enschede, The Netherlands 
phone +31(0)534894069, email c.wang@utwente.nl 

viscoplastic material model with mixed hardening was employed 
to capture the strain rate sensitivity and to simulate the cyclic 
loading. One point quadrature solid was chosen because of  
computational efficiency and shear locking proof. Flanagan-
Belytschko stiffness form with exact volume integration for solid 
elements was used for control of hourglassing.  

Results 
Figure 3 shows the deformed workpiece after four cycles 
compression, i.e., eight hits, where strain per hit is 0.5. 
 
 
 
 
 

 
Fig.3: Fringe plots of deformed  workpiece. a: Effective plastic strain. b: 

Effective stress (Pascal). 

 
 
 
 

 
 

Fig.4: Force-displacement curves. a: Experiment. b: Simulation. 
 

The reaction forces have a good agreement with experiment as 
shown in Figure 4. Curves are slight different on displacement 
since the boundary conditions of simulation are recalculated from 
the nominal data. Numerical noise of explicit code is also 
observed on Figure 4. b. Figure 5 shows the very negative 
hydrostatic pressure can be obtained without axial constraint. 
 
 
 
 

 

 

Fig.5: Hydrostatic pressure of different elements with 0.05 strain per hit. 

Conclusion & Further work 
Porosity increases if hydrostatic pressure becomes negative 
during the process. Therefore, the result of simulation with very 
shallow hits indicated that further Gleeble tests should be 
performed without clamping of specimens.  

References 
1.Miroux, A. (2012). Test report-part 1. TU-Delft, The Netherlands. 
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Closure Relations for Shallow Granular Flows
from Particle Simulations

T Weinhart*, A. R. Thornton, S. Luding and O. Bokhove

University of Twente

Introduction
Aim: calibrate a continuum model for shallow flows of
granular materials – such as rock avalanches, feeder
chutes or production-line transport – using particle
simulations.

Figure 1 : 2D schematic of shallow granular chute flow.

Shallow granular flow can be modelled by depth-
averaged mass- and mom. balance equations,

∂h

∂t
+

∂hū

∂x
= 0,

∂ (hū)

∂t
+

∂
(

hαū2 + K

2
gh2 cos θ

)

∂x
= gh(sin θ− µ cos θ),

with height h, depth-averaged velocity ū. We calibrate
the model to specific material/contact properties by
finding relations for the basal friction µ = |tt|/|tn||z=b,
velocity shape factor α= u2/ū2 and normal stress dif-
ference K = σ̄xx/σ̄zz from particle simulations.

The effect of friction
Granular flow differs from fluid flow mainly by the large
bed friction µ (instead of a velocity-dependent vis-
cosity), allowing for arresting flow at high inclinations.
The bed friction µ (and thus the angle at which steady
flow is possible) depends on the flow heigth [1].

Figure 2 : Range of arresting •, steady ◦ and acceller-
ating ∗ flow observed by DPM.

Closure rules for steady uniform flow
For steady uniform flows, the Pouliquen flow rule [1]
yields a closure relation for the bed friction µ; the ve-
locity profiles yields a fit for the shape factor α; K ≈ 1.

Figure 3 : Closure laws for bed friction µ and the shape
factor α. Markers denote DPM results.

The dependence on contact properties (basal
smoothness, basal contact friction) has been studied
in [2,3].

Conclusions
For shallow granular flows, a continuum model was
calibrated to match particle simulations. The depen-
dence on contact properties was determined.

Future Work
Having consistent particle simulations/ continuum
equations allows multi-scale coupling of both meth-
ods. Such a coupling can be used in complex flow
situations (flow front, dead zones, boundaries).

Figure 2 : Multiscale model: at some quadrature points,
closures are obtained directly from DPM.

References
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[2] W, Thornton, Luding, Bokhove, Granular Matter, 2012,
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Introduction
The majority of engineering problems encountered in
practice, are subject to multiple sources of variation.
When dealing with the numerical optimization of form-
ing processes using computationally expensive finite
element simulations, the challenge is to optimize to-
wards robust forming processes. More specifically,
the goal is to improve the quality of a product or pro-
cess by limiting the deteriorating effects of scattering
parameters to an acceptable level.
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Figure 1: Robust optimization strategy

Applications
A typical forming application is presented Figure 2,
the robust optimization of a car front fender. The pro-
cess is liable to different sources of uncertainty, e.g.
scatter in process settings. Moreover, scatter of ma-
terial properties are of significant influence on the fi-
nal product quality and shape. By applying the robust
optimizations strategy, the design of the forming pro-
cess can be changed to minimize the deteriorating ef-
fects of process and material related noise variables.
Application of the methodology results in an improved
robust process design and a more efficient use of ma-
terial and energy.

Research Objective
The objective of this project is to develop a robust
optimization strategy for industrial metal forming pro-
cesses. The strategy enables the design engineer to:

• Define an initial process design and evaluate its
performance in an early design stage

• Identify dominant design and noise parameters
by performing a sensitivity analysis

• Optimize towards an optimal robust process de-
sign

Figure 2 : Optimization of a car front fender

Implications
The robust optimization strategy enables the engi-
neer to determine the optimal performance of metal
forming processes liable to variations in process and
material conditions.

Valorization
A valorization project will be performed in cooperation
with the industrial partners to demonstrate the appli-
cability of the developed numerical tools and robust
optimization strategy.

Industrial partners
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Introduction 
Friction behavior over period of time de-
pends on geometry changes between two 
surfaces and chemical or physical changes 
of the surface.  
 

Confocal 
height 
sensor

Confocal
Raman
spectroscope

XY stages

 
Fig.1 Measuring setup  

 

Confocal height sensor and confocal Raman 
spectroscope can be used to understand 
those effects. The wear track done between 
Al2O3 ball and Y-TZP disc was investigated 
in measuring system. 
 

Experimental work 

 

 

 

 

 

 

 

 

 
 

Roughness changes 
The confocal height sensor is measuring 
profile of the surface, where spatial resolu-
tion is 1μm. 

 
Fig.2. Surface roughness of Y-TZP disc with 

wear track 

Chemical composition 
Confocal Raman spectroscope sensor 
measuring chemical composition of the ma-
terial on the surface. The spatial resolution 
is 2 µm.  

 
       Fig.3 Raman signal on the wear track 

and outside wear track. 

Conclusions 

 Confocal sensor shows height changes 
on the wear track compared to outside 
wear track. 

 Chemical composition on the wear track 
is different than outside, because of ma-
terial transfer from ball to disc. 

Pin on disc test to make wear 
track 

Confocal sensor measure ge-

ometrical changes 

Confocal Raman spectroscope 
measure chemical changes 
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Introduction 
Sand entering machine parts is a main fac-
tor leading to the excessive wear of e.g. mili-
tary platforms. As sand becomes trapped  
between moving surfaces it causes abra-
sion, ultimately leading to failure. To prevent 
military platforms from failing by abrasion, a 
model for calculating abrasive wear will be 
derived, resulting in guidelines for design 
and/or maintenance. 

Experiments 
The following experiments are run to study 
the influence of (sand) particle properties on 
abrasive wear: 
 Dry sand rubber wheel tests on different 

sand varieties, Fig. 1 (a); 
 Single asperity scratch tests using 

quartz tips to represent sand, Fig. 1(b). 
 

 
(a) (b) 

 
Figure 1: 

Dry  sand-rubber wheel test, schematic (a) 
and example single asperity scratch test (b) 

 

Modelling/Results 
The results from the rubber wheel tests are 
used to determine the different sands’ wear 
rates (K), which are equal to the slopes in 
Fig. 2. These wear rates could be used to 
predict the amount of abrasive wear with the 
help of Archard’s equation for  
wear, Eq. 1 [2]. 

H
KNQ   

 
Eq. 1 

 
with Q the volume of the material removed 

 
 

Figure 2: Results dry sand-rubber wheel 
tests, test duration versus mean volume loss 
 
per unit sliding distance, N the normal load 
and H the hardness of the softer surface. 
The results of the single asperity scratch 
tests are used to study the influence of par-
ticle shape in more detail (Fig. 3). 
 

 
 

Figure 3: Results Single asperity scratch 
tests, normal load versus wear volume 

Future work 
 Finalise particle property analysis 
 Model the abrasive wear process,  

starting with unit events and laboratory 
systems to finish on a military platform 
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Introduction
The aim of the project is to design adaptive discretiza-
tion algorithms for diffuse-interface tumor-growth
models. These models are time-dependent prob-
lems. In order to apply adaptivity both in space and
in time, it is of fundamental importance that the time-
discrete scheme is gradient-stable independent of the
time step size, which means that the free energy dis-
sipates at the discrete level, analogous to the time-
continuous case.

Model
The fundamental equation underlying diffuse-
interface models is the Cahn-Hilliard equation, which
reads as follows

∂C

∂t
= ∆

(
Ψ′(C)− ϵ2∆C

)
where C represents the concentration of the fluid

and at the same time serves to model the interface,
Ψ(C) is a double-well potential, and ϵ is the equilib-
rium interface thickness.

Approach
Suppressing the spatial discretization, the time step-
ping scheme can be written as

Cn+1 −Cn

δt
−αδt∆2(Cn+1) =

∆

(
Ψ′

c(Cn+ 1
2
)−Ψ′

e(Cn+ 1
2
)− ϵ2∆

Cn+1 +Cn

2

)
−αδt∆2(Cn)

where Ψc and Ψe are the split terms resulting from
the double-well potential Ψ(C), both are convex,
−αδt∆2(Cn+1) is a artificial energy stablization term,
−αδt∆2(Cn) (the previous time level) is the correction
term for it.
The time stepping scheme is
• unconditionally gradient-stable
• second-order accurate
• linear, and unique solvable

Numerical result
To get some further insight into the performance of
the scheme, we illustrate the theoretical results on the
following spinodal decomposition test case

Timestep N timestep L2-norm L2vsNTS
0.0001 128.0 1.778e-05
0.0002 64.0 5.891-05 -1.72810780
0.0004 32.0 0.00021550 -1.87105651
0.0008 16.0 0.00083703 -1.95758816
0.0016 8.0 0.00312477 -1.90038913
0.0032 4.0 0.01187292 -1.92585314
0.0064 2.0 0.03583945 -1.59387278
0.0128 1.0 0.05124960 -0.51599213

Table 1 : Accuracy test, L2-norm

of the time-integration error versus

number of time steps

Figure 2 : The illustration of the left

table, which confirms the second-

order accuracy of the scheme

Future work
This time-stepping scheme will be applied to tumor-
growth models. Next, based on the fully discrete
scheme, we will develop a posteriori error estimates
and corresponding adaptive refinement strategies.

Figure 1 : 2-D spinodal decomposition test case
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Introduction 
The knowledge explaining the relationship 
between the friction and the adhesion force 
is scarce. A relationship has been explained 
by using contact mechanics models in 
combination with adhesion and friction force 
measurements. A relevant adhesion regime 
has been determined using Maugis–
Dugdale (M–D). The model has been used 
to predict the appropriate contact model for 
calculating the contact area for single 
asperity contact (shown in Figure 1) under 
ambient and high vacuum (HV) conditions.  

Additionally, the work of adhesion and the 
shear stress of the interface can be 
calculated using adhesion and static friction 
force measurements at different loads as 
shown in Table 1. The results show that the 
predictive contact model fits very well to the 
measured friction force data. 

Results and discussion 
An approximate general equation for easily 
determining the contact area is given by Eq. 
(1). In Figure 2 the measured static friction 
force is plotted against the applied normal 
load when operating in ambient as well as 
in HV conditions. The data fit on these 
measured points is plotted using the given 
equation. The value α is used as free fitting 
parameter to calculate the contact radius. It 

can be seen that for HV conditions the 
measured data followed the JKR trend, as 
the value of α used is approximately 1. 
However, for measurements performed in 
ambient conditions the data fit follows the 
M–D model as the value of α is 
approximately 0.35. 
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Table 1: Calculated work of adhesion and the shear 
stress from the measured adhesion and friction force. 

Model Work of adhesion 
W12 (mJ/m

2
) 

Shear stress τ 
(MPa) 

Ambient HV Ambient HV 

JKR  88.5 20 23.6 8.2 

DMT  66.3 15 32 9.6 

Fit  73.7 19.3 27 8.5 
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Figure 1: Single asperity contact, sphere 
(1) in contact with a flat surface (2) in 
humid environment. 

 
Figure 2. Friction force vs normal load, 
measured with a 5 mm diameter silicon ball 
against a flat glass surface. The α value is 
also shown calculated from Eq. (1)†.  
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Introduction 
Water-based lubricants have been widely 
used in both biological systems, like syno-
vial fluid in joints, mucous on fish skin, etc., 
and industrial systems, like hydraulic fluids, 
as a substitute for the oil-based lubricants. 
Experiment 
Three novel phosphorus-nitrogen (P-N) type 
phosphoramidate derivatives were synthe-
sized (Figure 1) as follow.  
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Figure 1: Synthesis of P-N type additives  
 

The tribological behavior of the additives in 
water was compared with commercial lubri-
cant additive (T308B) (Figure 2, 3). The re-
sults show that the additives possess good 
friction-reducing and antiwear properties. 
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Figure 2: Effect of the additive concentration on friction coef-
ficient 

Boundary lubrication film analysis 
The tribological mechanism was investi-
gated by X-ray absorption near edge struc-
ture (XANES) spectroscopy (Figure 4). It is 
proposed that the prepared compounds can 
form a protective film contains phosphate 
and/or polyphosphate which affect the tri-
bological behaviour [1]. 
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Figure 3: Effect of the additive concentration on wear scar 
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Figure 4: P L-edge XANES spectra of the tribofilms 

Future work 
• Explore the application of these addi-

tives for metal-on-metal joint replace-
ments 

• Investigate on the tribological response 
of boundary layers [2] 
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Introduction 
Space-filling curve has been proposed in 
mathematical algorithm which demonstrates 
the existence of continuous mappings, more 
precisely, as a continual curve with the ability 
to contain the entire 2-dimension unit space 

indefinitely [1,2]. In this 
research, the space-
filling curve method will 
be applied to micro-
scale surface texturing 
in order to improve con-
tact material’s tribologi-

cal properties like adhesion, friction, contact 
angle, etc. The experimental material will be 
steel, one of the most common metallic ma-
terials in both industrial and scientific re-
search fields, and using laser surface textur-
ing (LST) as fabrication method. 

Mathematical Modelling 
The mathematical model is based on Hilbert 
matrix. 
       𝐻𝑖𝑗 = (𝑖 + 𝑗 − 1)−1                           Eq. 1 
or 
     𝐻𝑖𝑗 =  ∫ 𝑥𝑖+𝑗−21

0  𝑑𝑥                           Eq. 2 
 
For i, j = 1, 2, ...., n. 
 
 
 
 
 
 
         (a) n = 2                         (b) n = 3 
 
 
 
 
 
 
          (c) n = 4                        (d) n = 5 

 
Figure 1: Mathematical Modelling of Hilbert 

Curve 

3D Modelling and FE Simulation 
 
 
 
 
 
 
 
 
               (a)                                 (b) 
Figure 2: (a) 3D Modelling by SolidWorks; (b) 
FE Simulation 

Specimen Fabrication 
    The experimental specimen is fabricated 
by picosecond laser in 400 kHz pulse rate 
with maximum 50 watts power. 
 
 
 
 
 
 
 
 
 
 
 
                  (a)                                     (b) 
Figure 3: (a) Hilbert Curve Micro-texture on 
Steel Surface; (b) Micro-texture Examination 
by Confocal Microscopy 

Future work 
• Perform tribological tests 
• Analyse the tribological performance  

like adhesion and friction as a function of 
texture parameters. 

• Develop a contact model as a function of 
texture parameters 
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Introduction
The recently developed AP-PLY fibre placement ar-
chitecture shows improved damage tolerance char-
acteristics, but a detailed understanding of its local
stiffness and strength characteristics is still missing.
An accurate evaluation of interlaminar stresses in AP-
PLY is crucial for the correct prediction of delami-
nation initiation. An approach based on interlami-
nar stress recovery is used here. The purpose of
this stage of the research is to present an efficient
interlaminar stress recovery procedure within three-
dimensional FE formulations that is able to overcome
the problems usually encountered using customary
procedures.

Figure 1 : Model of AP-PLY.

Theory
The interlaminar stress recovery procedure extends
the procedure of the former researchers. First, each
ply is modelled separately, and the compatibility be-
tween the plies is enforced using the Finite Element
Tearing and Interconnecting domain decomposition
method. Then the traction distribution is interpolated
over the complete interlaminar surface.

Flow Chart
The first step is to implement a discrete FE model
in Abaqus. The interlaminar boundary is modelled
as a contact zone because the connecting forces are
needed in subsequent steps. The second step is
the recovery of the input variables from the Abaqus’s
ODB file which is based on the Python programming

language by using the Abaqus Scripting Interface.
The third step is recovery of the interlaminar stresses
from the contact loads that satisfy force equilibrium at
the interface of any two plies using a MATLAB code.
In the fourth step, the data are transferred back to
the Output Database File of Abaqus and the retrieved
stress distributions are visualized.

Discrete model /generation 

of the Output Data-

base(ODB) file

Nodal connecting forces, elements 

connectivity, nodal coordinates, and 

nodal displacements are retrieved 

from the ODB file

Interlaminar and in-plane 

stress recovery process

Creation of the recovered 

stress fields in the ODB file 

of ABAQUS

Visualization of the recovered 

stress fields in the updated 
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Python

Python

Figure 2 : The whole analysis procedure.

Future work
Based on the insights obtained from the developed
methods, a three-dimensional stress analysis for the
composite AP-PLY laminate is being developed. Be-
fore using this method in the complex AP-PLY geom-
etry, it is necessary to apply the whole procedure to a
simple model.
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