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Welcome
Welcome to MPSVA and to our delightful venue in Clare College Cambridge. I hope you will take time between the
conference sessions to walk in the college gardens as well as enjoying the atmosphere that pervades the centre of
Cambridge.
You will see from these abstracts that we have an interesting and varied programme covering the field of applied
mechanics from pure research to its applications. It is particularly gratifying to see the wide range of sources of the
work presented, with speakers coming from eleven countries and three continents.
I’m sure you will find the conference enjoyable, and I look forward to meeting you over the next three days.
Dr Cristinel Mares
Conference Chairman
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Monday 2 July
Keynote 1
(Invited) Towards a population-based approach to structural health monitoring
K Worden
The University of Sheffield, UK
One of the problems with data-based Structural Health Monitoring (SHM) in practice is that data from damaged
structures are scarce. This means that analysis is often confined to novelty detection, or unsupervised learning
generally. The idea of population-based SHM is that data acquired on one structure might be used to help
inferences for a different structure. This means that damage data from one structure might aid supervised learning
over a population of similar structures. The basic ideas of such a population-based approach will be discussed with
illustrations from the monitoring of an offshore wind farm.

Parallel session: Structural Health Monitoring
A principled multiresolution approach for signal decomposition
I Iakovidis, E Cross and K Worden
The University of Sheffield, UK
In the context of structural health monitoring (SHM), the signals obtained by continuous monitoring exhibit
variability, both in the shorter and longer term, which can be associated with the impact of environmental and
operational variations (EOVs). This is manifested in the form of signal non-stationarity, and in many cases, has been
observed to mask the non-stationarity of signals that can be associated with damage; something that makes
damage detection difficult. Within SHM, it is common practice to employ measures such as statistical process
control (SPC) charts for damage detection purposes, which requires the signal to be stationary in order to detect the
non-stationarity that can be associated with novelty/damage. Thus, based on the two previous reasons, one can
say that it is desirable to quantify and project out the non-stationarity introduced into SHM signals by confounding
influences, such as EOVs.
An important conclusion from the SHM literature is that the impact of EOVs on SHM signals can occur on widely
disparate time scales. Therefore, the quantification and elimination of the EOVs from SHM signals is not a
straightforward procedure and prior knowledge is needed. For such purposes, refined means originated from the
field of signal processing developed throughout the years and are used within SHM. Of particular interest here is the
concept of multiresolution analysis (MRA), which has been used in SHM in order to decompose a given SHM signal
in its frequency components (different time-scales) and evaluate the damage sensitivity of each one, employing the
concept of Johansen cointegration, which is a method able to project out the impact of EOVs from multiple SHM
series.
The use of MRA is proposed here also for the decomposition of SHM signals, however it is extended by introducing
two additional steps. The first step is the Augmented Dickey Fuller (ADF) test, which is a non-stationarity test that
can be used to assess each one of the MRA levels in terms of non-stationarity. In this way, a critical decomposition
level (L*) can be found and used to decompose the original SHM signal into a non-stationary and stationary part.
The second step introduced, includes the use of autocorrelation functions, in order to test the stationary MRA levels
and identify those that can be considered as delta-correlated. These levels distinguish a noisy part inside the
stationary one. Assuming that all the aforementioned steps are confirmed, the original SHM signal can now be
decomposed into a stationary, a non-stationary and a noisy part. The proposed decomposition can be of great
interest not only for SHM, but also in the general context of time-series analysis, as it provides a principled way to

perform MRA. The proposed analysis is demonstrated on natural frequency and temperature data of the well-known
Z24 Bridge.
Long range guided wave propagation experimental analysis in overhead power line cables under different axial load
levels
S Malo, M Livadas, S-M Tan, J Kanfoud, T-H Gan and C Mares
Brunel University London, UK
Over the past hundred years, overhead power line cables have been widely installed around the world. These cables
are commonly exposed to adverse environmental conditions that can affect their structural integrity and over time,
could lead to the complete failure of the structure. This research presents the use of guided waves for the inspection
of the structural integrity of the overhead power line cables. The proposed system relies on installing permanently
on powerline cables a multiple transducers collar as well as a pulse receiver. The system is installed on the cable
and performs automated regular inspections. One of the key features of this technique is its ability to inspect a long
section of the cable from a single inspection point. To achieve this objective, the wave propagation features have
been studied in a wide range of frequencies in long cable samples, where different collar configurations were used.
In addition, power line cables, when installed, are subjected to different axial loads depending on the type of cable
and the distance between pylons. The effects of the axial load on the wave propagation have been studied. To
assess the defect detection capabilities of the system over a wide range of distances without damaging the cable
samples, a metallic clamp is used to introduce a cross-section distortion on the cables, simulating the effect of a
fault on the cables. The experimental results show the highly attenuative effect of the axial load on the wave
propagation for most of the frequency spectrum. However, it was found that at low frequencies the system
performance allowed the inspection of long distances. This was further proven with the experimental results for the
clamp detection study.
State-dependent properties of flooded ballast
S Kaewunruen1 and M Sechet2
1

University of Birmingham, UK and 2CESI - Enseignement supérieur et formation professionnelle, France

Railway ballast is one of the main components in ballasted railway track systems. It is installed under the railway
sleeper to absorb dynamic wheel/rail interaction forces, preventing the underlying railway track subgrade from
excessive stresses, enabling the interlocking of skeleton track onto the ground and providing lateral track stability.
Generally, the dynamic modelling of ballast gravels relies on the available data, which are mostly focused on the
condition at a dry condition. Recent findings show that railway track could significantly experience extreme climate
such as long-term flooding. This phenomenon gives rise to a concern that the ballast may experience higher level of
moisture content than anticipated in the past. On this ground, a test rig for estimating the dynamic properties of rail
ballast has been devised at the University of Birmingham. A non-destructive methodology for evaluating and
monitoring the dynamic properties of the rail ballast has been developed based on an instrumented hammer impact
technique and an equivalent single degree-of-freedom system approximation. This investigation focuses on the
state-dependent model of rail ballast submerged under the flood where the dependent effects of frequency can be
distinguished. Based on the impact-excitation responses, the analytical state-dependent model was applied to best
fit the experimental modal measurements that were performed in a frequency range of 0-500 Hz. The curve fitting
gives such dynamic parameters as the modal mass, dynamic stiffness and dynamic damping constant, all of which
are required for modern numerical modelling of a railway track.

Normalized curvature ratio for detection of ballast voids and pockets under rail track sleepers
S Kaewunruen1, A Freimanis2 and K Goto3
1

University of Birmingham, UK, 2Riga Technical University, Latvia and 3Railway Technical Research Institute, Japan

After a railway track experiencing dynamic loading, the track settles and causes ballast to deform, spread and
sometime damage. Without appropriate maintenance, void and pocket of ballast underneath railway sleepers can
establish overtime and impair the ride quality of train services. In this study, the emphases will be placed on the
application of non-destructive vibration-based technology, to investigate and evaluate dynamic characteristics of
voided railway concrete sleepers, which are the fundamental element to provide track support to railway systems.
The study has developed a curvature-based damage detention method to identify ballast voids under railway track
sleepers. This method can be easily deployed in the field by using fibre bragg grating strain sensors to measure
strains for curvature analysis. In this study, the assumption is that the time-dependent material degradation
negligibly affects the curvature ratios. The dynamic finite element model has been established and validated for
railway sleepers in the field. A variety of losses of ballast support have been simulated using the validated model.
The dynamic mode shape has been analysed to evaluate curvature ratios under different types of ballast losses.
Although the method provides positive outcomes, the advantages, disadvantages and limitation of the method are
then identified and discussed.

Parallel session: Computer Techniques
Issues for usage of software to obtain stress-strain curves from indentation experiments
J Campbell, J Dean and B Clyne
University of Cambridge, UK
SEMPID (Software for the Extraction of Material Properties from Indentation Data) is a suite of user-friendly
packages for inferring mechanical properties from indentation data (primarily load-displacement plots, although
residual indent dimension data can also be used). The version for plasticity is now entering commercial usage. It
involves iterative FE simulation of the penetration of a spherical indenter into a sample, with automated
convergence on a best-fit set of parameter values that characterize the yielding and work hardening characteristics
of the material (in a constitutive law). Issues involved in selection of the experimental conditions and of the model
boundary conditions are investigated. These include the key dimensional scales of the indenter radius, R, and the
depth of penetration, d (and the ratio d/R). A brief analysis is presented of the potentially conflicting requirements
of deforming a volume large enough to represent bulk behavior and having a value of d/R that creates plastic
strains into a range that will adequately capture the work hardening response. The outcome is that a “mid-range”
indentation facility is required, with a load capability of at least a kN, able to create d/R values up to ~25%, with R
~0.5-2 mm. Other experimental issues covered include displacement measurement techniques and calibration of
the machine compliance. Factors involved in choosing a constitutive plasticity law are briefly outlined. Also covered
are the significance of interfacial friction and the possibility of material anisotropy (primarily as a consequence of
crystallographic texture).
Parameter selection for model updating based on global sensitivity method
Z Yuan1, K Yu1 and J Mottershead2
1

Harbin Institute of Technology, China and 2University of Liverpool

For uncertain model updating problem, the selection of updating parameters is always a tricky job. A new updating
parameter selection method based on global sensitivity analysis is presented in this study. The presented method

uses a specifically designed evaluation function that evaluates the probability of the sample fits the distribution of
test data. With this evaluation function, the information of the test data is introduced to the parameter selection
procedure which makes up the lack of information in other global-sensitivity-based methods. Global sensitivity
analysis is performed and a set of composite indices for parameter selection is calculated. The parameters are
selected based on the values of these composite indices. The method is validated with the simulation data of a pinjointed truss structure model. Both the situations of independent and correlated parameters were studied. And, as
the results show, the presented method is effective for both cases. Then, an experimental case of a moving mass
block frame structure was studied. The positions of the mass blocks were set as the uncertain parameters in the
structure and were identified with the presented method.
Forecast of power load demand using pattern recognition tools
D Scott, T Simpson, T Rogers, K Worden and N Dervilis
The University of Sheffield, UK
With an increasing penetration of renewables into energy markets, it is desirable to have a flexible grid in order to
match large fluctuations in supply to a volatile power output typical of renewable supply. Hence, it is imperative to
accurately forecast power load demand. The recent emergence in big data analytics and machine learning
techniques have shown great success in a wide range of regression problems in varied industries and various data
can be harnessed by the energy industry to better understand likely energy loads placed upon the system. This
paper presents a comparison of several regression models which can be used for accurate predictions of energy
load given environmental feature data. Here it is shown that dynamic Gaussian Processes can be used as a
powerful tool taking into account the non-stationarity of the data under analysis. This regression model was
compared Neural Networks, used most extensively in the industry, and linear regression models to give an idea of
their comparable accuracy. However, it was noted that the classic version and more widely used dynamic Gaussian
Process were inferior to a Neural Network when training for huge datasets due to their high relative computational
cost, increased uncertainty with projection time and large memory usage. Though primarily used for dynamics
problems, there are a range of non-stationary problems which could benefit from the use of a dynamic Gaussian
Process. This paper presents just one of these use cases. It is also suggested that online learning models be used
for real time forecasting.

Keynote 2
Vibration analysis of complex engineering systems with uncertain properties
R Langley
Cambridge University, UK
The vibration analysis of a complex engineering structure such as a car, a ship, or an aeroplane, is complicated by
the fact that the vibrational response can be sensitive to variability in the manufacturing process.
Successive vehicles from a production line can display significantly different response levels, and ideally some
estimate of the degree of variability is required at the design stage to ensure that the design targets will be met with
a high degree of probability. This talk will review the theory and practice behind current industrial software
approaches to this problem, with particular emphasis on high frequency vibrations and vibro-acoustics. The talk will
cover statistical energy analysis and will describe the way in which this approach can be combined with the finite
element method and non-parametric uncertainty models.

Parallel session: Railway 1
Dynamic responses of railway ballasted track considering rail pad deterioration
C Ngamkhanong1, K Goto2 and S Kaewunruen1
1

University of Birmingham, UK and 2Railway Technical Research Institute, Japan

Presently, railway track often experience harsh environment and high intensity impact loads due to the irregularities
of either wheel or rail. To reduce track vibration and impact load transmission from rail to sleeper, rail pad is
installed between rail and sleeper. However, impact wheel load, which has a large magnitude in short duration, can
induce rail pad deterioration over the long time period. Apart from dynamic load, there are many factors that affect
the deterioration of rail pad such as train speed, repeated load, sand contamination, loss of toe load of the rail clip
etc. Thus, rail pad properties degradation need to be taken into account. Although the deterioration rate of rail pad
characteristics have been previously studied, dynamic track responses have not been fully investigated. Rail pad is
represented by its stiffness and damping properties. Dtrack software is used for simulating the wheel rail dynamic
load with a half of single bogie with two wheels running on coupled model with different speeds. In this study,
dynamic wheel/rail contact force and dynamic impact factor are presented. As a results, it is clearly seen that the
deterioration of rail pad can induce higher track responses. The outcome of this study can help railway engineer
make a decision for track maintenance and replacement of rail pad due to the higher dynamic track responses.
Vertical vibrations of rail track generated by random irregularities of rail head rolling surface
P Koziol and D Cudla
Cracow University of Technology, Poland
It is known that geometrical irregularities of the rail head rolling surface produce additional force when the train runs
on track. This force can be quite significant and should not be neglected in the analysis, especially when one deals
with high-speed railways. In this paper, an analytical method of modelling of such irregularities is presented, along
with procedure of their stochastic simulation. The detailed description of this approach is associated with its
practical application to the analysis of the rail track dynamic response to moving train.
The type of imperfections is chosen randomly, leading to stochastic function which describes their distribution along
the track. Several realisations of this process are used as an additional factor in train load. The system response to
this load is described by two layer model which allows to consider all important elements of rail track such as rails,
sleepers, rail pads or under sleeper pads. The rail is represented by the Euler–Bernoulli beam with parameters
constant along the track, whereas sleepers are modelled as a rigid body. The fasteners are described by the
viscoelastic continuous constrains, i.e. stiffness and damping, and the sleeper foundation is modelled as a
viscoelastic subgrade.
This previously developed rail track model allowed to analyse the dynamic response of rail track in the case of finite
number of forces. The number of train axles was limited to four, mainly due to complex computational procedure
needed to apply. In this paper, the improved procedure is used, which allows to calculate the track response to the
whole passing train. This ability of the developed technique is very important for the analysis of systems with
nonlinear and stochastic properties. In this case, it is not enough to consider separate forces generated by train
axles. The load considered in this paper consists of several forces associated with all train axles. Each force has
three components, the force constant in time, produced by weight of train, the part varying in time, produced by the
rail deflection between sleepers, and the part of load generated by rail head rolling surface irregularities, which are
modelled randomly by using the developed stochastic procedure. Vertical vibrations of rails and sleepers are
obtained by applying the wavelet based approximation. The semi-analytical method to represent the dynamic
response of rail track is described in details, along with statistical analysis of performed realisations.

Parallel session: Fluid/Structure Interaction
Computational analysis of the fluid-structure interaction occurring in a model of two vehicles overtaking each other
H Al-Jelawy1, S Kaczmarczyk1, N Singh1, M Cross2, R Lewis2 and D Alkhafaji3
1

The University of Southampton, UK, 2TotalSim Ltd, UK and 3The University of Babylon, Iraq

A computational study has been conducted to investigate the transient aerodynamic forces experienced by two
vehicles overtaking each other. The transient effects during the overtaking scenario have been determined by using
a Computational Fluid Dynamics (CFD) model. This has been achieved by developing an open source computational
code. The aerodynamic effects have been investigated by emulating this event in a virtual wind tunnel. One of the
generic vehicles was set to be stationary, while the other was allowed to be moving at constant speed. The Delayed
Detached Eddy simulation (DDES) turbulence approach has been applied in this study based on the finite volume
analysis (FVA). The computational results such as fluid forces and moments acting on the vehicle structures have
been compared against published experimental results. Encouraging correlations between those results are
observed. In the present work, the fluid-structure interaction (FSI) phenomenon has also been studied by
developing a flexible body dynamic model. The modal and dynamic responses are determined from FEM analysis by
the application of fluid transient loads obtained from the CFD model. This investigation is important to address the
issue of stability and performance of the vehicle system. This work provides a significant understanding into the
complex aerodynamics of an overtaking process and gives the foundation for further analysis in the area of fluidstructure interactions for more complex geometries and scenarios.
Investigation into squeeze-film induced levitation of light objects
A Almurshedi, T Stolarski, M Atherton and C Mares
Brunel University London, UK
The performance of a system consisting of a thin rectangular plate under plane stress due to the action of PT
actuators, thus subjected to the Poisson’s contraction effect, and a light circular object freely floating over it was
studied both numerically and experimentally. The results show that performance of the system is influenced by a
few factors, including the magnitude of elastic deformation of the plate and the electrostatic action of the PZTs
attached to the plate, which combine to form oscillating dimples created by the Poisson’s effect to separate the
object from the plate with a film of compressible fluid. The importance of operating frequency of PZTs, shape and
size of the dimple, offset and amplitude voltage under which PZTs operate, and distribution of PZTs on the plate’s
surface were all examined theoretically and verified experimentally. The plate was made of Aluminium and stainless
steel in order to find out the importance of the material’s energy absorption rate for the effectiveness of squeeze-film
induced levitation.
The experimental set-up comprised of the plate with dimensions 200x100x2 mm, clamped at both ends and four
foil type PZTs of circular shape (dia. 28 mm and thickness 0.5 mm) attached to the bottom of the plate’s surface.
PZTs were driven by a power supply unit together with a sine wave signal generator. Floating objects, in the form of a
light disk, were monitored utilising a digital image correlation system. The experimental apparatus enabled direct
observation of the localised elastic deformations of the plate for comparing them with that generated by the plate’s
finite element computer model. Moreover, it was also possible to measure the floating height of the object and
corroborate it with the prediction of a fluid-solid interaction (FSI) model of the system. For example, for a given plate
design, frequency of PZTs operation, and object mass of 5 g, the floating height was around 70 µm. The agreement
between theoretical models and experimental measurements proved to be quite satisfactory.
In conclusion, the results of this investigation clearly demonstrated that squeeze-film levitation is a practical
proposition which, with additional further studies concerning mechanisms and phenomena involved, could be
exploited in a number of industries where linear conveying of light objects is required.

Parallel session: Railway 2
Insertion loss modelling of a railway track as a multi-layer structure with rail irregularities under a moving train
P Koziol and J Solkowski
Cracow University of Technology, Poland
Vibration attenuation is one of the main issues of railways. Having a wide range of products available on the market
and knowing well-established methodology of their testing, it is important to know how to determine the practical
effectiveness of the application of these engineering solutions. This can be done by measurements, but also by
modelling. Since there are various simplifications that can be assumed for modelling, the aim of this paper is to
assess the significance of these assumptions for the forecast of so-called insertion loss.
The authors use a multi-layer track structure model under a moving load and take into account various rail head
surface irregularities. The rail is represented by the Euler–Bernoulli beam with parameters constant along the track
and sleepers are modelled as a rigid body.
Investigation of geometrical irregularities of the rail head rolling surface is very important due to additional force
generated by them during train passage. This force should be taken into account in modelling, especially in the area
of high speeds. It is assumed in this paper that the rail head has irregularities placed directly side by side. The
amplitude of this rail imperfection is constant and the shape of rail surface has cosine form.
The first problem discussed in this paper is the model of damping. As laboratory tests show, the model of hysteretic
damping is more suitable for modelling of elastic materials such as rail pads, under sleeper pads (USP) and under
slab mats (USM) or under ballast mats (UBM). Moreover, the loss factor for these products greatly depends on the
frequency of vibration and on the load (or pre-load as it is called in laboratory testing standards). The authors
introduce a function to account for these features.
Secondly, in most cases of modelling found in literature, the researchers consider one point under the track (it is
located on the subgrade) as the reference point at which the insertion loss is defined – this especially concerns
analytical modelling. Instead, one can propose using a series of points along the track located at intervals of 0.6 m,
which corresponds to the typical length of the rail bending wave of 2.4 m. In this way the insertion loss better
corresponds to the behaviour of the rail which vibrates along the track at different magnitudes and frequencies
depending on the distance from the point of load application.
The authors perform a parametrical analysis of the influence of several key track parameters and show the errors in
the prediction of insertion loss that occur due to:





assumption of the same excitation force in the case of the reference structure (usually badly damped) and
in the case of well-damped structure (the designed one);
assumption of linear dependence of loss factor on the frequency of vibration;
assumption of independency of loss factor of the load magnitude;
assumption of one “point” analysis, which does not correspond to the real track situation where the whole
rail vibrates and causes the vibrations to penetrate into the subgrade.

Impact load response of PC sleeper for rail joint under a train passing
K Goto2, S Minoura2, T Watanabe2, K Matsuoka2, S Kaewunruen1 and C Ngamkhanong1
1
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The purpose of this study is to clarify the influence of impact load due to train passing through the rail joint on the
prestressed concrete sleeper (PC sleeper). The design of PC sleeper has been carried out in consideration of the
influence of the impact load. Impact loads are caused by rail joints, irregularities of rail welded joints, rail

corrugation, and wheel flat (damages generated on the wheel treads when the wheels slide on the rail running
surface). Among them, the impact loads due to the rail joint and the wheel flats tend to be relatively large. In Japan,
from the beginning of the development of the PC sleepers, the wheel flats have been recognized as one of the
biggest factors of the impact load, and the studies on the influence of the impact load caused by the wheel flats on
PC sleepers have been actively conducted. On the other hand, there have been few studies on the influence of the
impact load caused by the rail joint on PC sleepers. In this study, we constructed a three-dimensional FE model of
the PC sleeper which is able to simulate the nonlinear behavior of the PC sleeper. Using this analytical model, the
influence of the impact load caused by the rail joint on the maximum bending moment and the stress generated in
PC sleeper for various amounts of rail irregularity and various train speeds was quantitatively evaluated. In addition,
the influence of parameters such as the amount of prestressing force, abrasion of PC sleeper, corrosion of PC steel
wire were clarified. In the future, we plan to develop on optimum design method for PC sleeper for the rail joint
considering the impact load caused by the rail joint using the result of the analysis.

Parallel session: Neutron Diffraction
Neutron scattering study for stress-strain behaviour of porous geological rocks subjected to unconfined uniaxial
compression
N Faisal1, R Sanaee1, R Singh2, J Murray1, A McLaughlin3, D Healy3 and T-L Lee4
1
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Facilities Council, UK
Stress-strain behaviour, structural stability and residual stresses play an important role in determination of both
elastic and plastic behaviour of porous geological (rock) formations. Material and earth scientists have made
increasing use of neutron scattering facilities to understand the mechanical properties at the mineral scale (finescale crystalline level) which controls the fracture initiation and propagation. There have been very limited studies to
characterise the micro-mechanical behaviour of rocks at high temperature. Such opportunities to investigate the
complexities of polycrystalline aggregates at elevated temperature, particularly in the fields of rock deformation and
rock mechanics, structural geology and seismic anisotropy is important. Quantifying the relationship between stressstrain state and rock failure is also important in characterisation of fracture and design of a hydraulic fracturing
treatment.
The present study examines the stress-strain distribution in two main different hydrocarbon reservoir rock types (i.e.
sandstone: SiO2; limestone: CaCO3). Neutron scattering facility (ENGIN-X) was utilised to exploit the advantages of
neutron scattering to measure strain in the porous rock samples subjected to unconfined uniaxial stress and
moderate temperature. The rock samples tested were cylindrical in shape and had 38.1 mm diameter and 48 mm
length. The sandstone samples were subjected to uniaxial compression stress of 20 MPa and 35 MPa and
temperature of 25°C and 70°C, respectively, whereas, the limestone samples were subjected to uniaxial
compression stress of 8 MPa and 12 MPa and temperature of 25°C and 70°C, respectively. One set of three
measurement points was evaluated across the radial direction per stress level. To apply temperature, the samples
were mounted in furnace and were heated at 2°C/min rate to achieve the final test temperature. Strain
measurements were performed using a gauge volume of 4 × 4 × 4 mm3 (fully submerged). Neutron diffraction data
was collected continuously at each measurement points (a: sample centre, b: 10 mm and c: 15 mm away from the
central axis in the radial direction) in the sample. The corresponding strain free lattice parameter (d0) for each
sample at each measurement point at 5 MPa compressive stress condition were obtained by testing at 25°C.
Various microstructural and material characterisation were carried out using X-ray diffraction (XRD), energy
dispersive spectroscopy (EDS) and scanning electron microscopy (SEM).
Comparison of Rietveld refinement for multiple peak (and single peak analysis) of crystalline phases in both
samples were made. Through this first detailed study of its kind, the influence of various crystallographic plane
orientations on the residual strain were measured, which is expected to influence the failure response of rock

samples. Results are discussed in terms of the influence of temperature and compressive stress on the residual
stress profile along radial direction of cylindrical rock sample. Elastic finite element (FE) and analytical stress results
match well during uniaxial compressive conditions with the neutron diffraction-based stress distribution. It was
found that the sandstone has significantly high strain bearing capability (about tenfold) when compared with
limestone, however, the overall strain profile from the central axis in the radial direction looked very similar.
Lattice strain and texture development in coarse-grained uranium – a neutron diffraction study
P Earp1, S Kabra2, J Askew3 and J Marrow1
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Uranium metal is highly elastically anisotropic, due to its orthorhombic crystal structure, and each grain has a
limited number of slip modes; in particular, there are no active slip modes at room temperature to accommodate
deformation perpendicular to the (001) plane. Consequently, it deforms extensively by twinning, with (130) and
‘(172)’ twins commonly observed. Incompatibilities between deforming grains can result in stress concentrations
that may initiate fracture. To fully understand local processes such as fracture, there is a desire to develop crystal
plasticity finite element (CPFE) models that can be used to predict the strength of engineering components whilst
incorporating the internal microstructure of the material. Uranium presents unique challenges to the CPFE
modelling community, specifically how to incorporate the effects of twins into a dislocation-based model, and how
to experimentally validate these models in coarse-grained microstructures.
Experiments at the University of Oxford, in collaboration with AWE plc, aim to characterise the deformation response
of cast uranium across multiple length scales. In this paper, we present a neutron diffraction experiment on this
coarse-grained material, the results from which will contribute to the development of crystal plasticity models for
orthorhombic metals. In an experiment at the ENGIN-X beamline, ISIS Neutron Source, UK, the development of
lattice strain in cast uranium specimens was measured during tensile and compressive deformation up to a total
strain of 0.7%.
The lattice strain on the {200} planes saturated with increasing stress, indicating the onset of plastic deformation.
Plasticity initiates at lower stress in the coarse-grained material than in a previous study of fine-grained material in
the literature. This is attributed to a combination of larger thermal residual stresses in the coarse-grained material
and the Hall-Petch effect making twinning easier in large grains. In compression, however, the lattice strain on the
{020} planes saturates. The asymmetry between the tensile and compressive response of the material shows that
twinning is the dominant plastic deformation mechanism at low strains in the cast material at room temperature.
Axial texture changes for the cast uranium were calculated by post processing of the full diffraction spectra. This
analysis shows that lattice rotations associated with twinning occurred at the yield point. Interestingly, this lattice
rotation disappears after unloading, which indicates that de-twinning occurs in uranium. This emphasises the
importance of in-situ studies of deformation and fracture, as post-test analysis may not observe the twins that are
responsible for fracture initiation.
© British Crown Owned Copyright 2018/AWE
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(Invited) Vibration energy harvesting: fundamentals and applications
S Beeby
University of Southampton
Vibration energy harvesting (VEH) involves the conversion of kinetic energy, in the form of vibrations, into electrical
energy for use in powering autonomous sensor systems. It is an applied technology and the the design of the
harvesters is fundamentally linked to the frequency spectrum and amplitude of the vibrations. The application also
imposes physical constraints (space limitations and form factor), reliability requirements and, for commercial
solutions, cost constraints on the entire system (harvester, power conditioning electronics, energy storage and load
electronics). This talk will provide a brief overview of the fundamental principles of VEH and illustrate these through
example harvesters and systems developed at the University of Southampton and at Perpetuum Ltd. These
examples will include fixed frequency electromagnetic harvesters for industrial applications, piezoelectric harvesters
designed for use in helicopter health and usage monitoring systems (HUMS) and a wireless condition monitoring
system for the rail industry powered by Perpetuum’s vibration energy harvester. Finally, the suitability of different
types of energy harvester (linear, bistable and Duffing type non-linear) for use in real applications will also be
explored.

Parallel session: Aerospace
Numerical inspection based on quasi-static analysis using rousselier damage model for aluminium wingbox aircraft
structure
M I M Ahmad, J L Curiel-Sosa, M Akbar and N A Abdullah
The University of Sheffield, UK
The present paper illustrates a modelling technique of void damage prediction using the Rousselier damage model
inside the aluminium wingbox structure. The Rousselier model as a micromechanical damage model is implemented
by the user-defined material subroutine UMAT in the ABAQUS/ Standard, in which to predict the void damage
mechanism in the ductile structure material. The wingbox is designed from a real prototype, and it is loaded in static
load under bending condition. The loads are distributed along the skin of the wing based on the mathematical
model of the lifting-line theory. It is assumed that the flight is operated at constant airspeed and altitude. The results
indicate that the void damage reaches its ultimate value in the bottom skin of root of the wing, which gives a good
reasonable comparison from the previous study. The relative error is approximately intended to verify the stability of
the simulation results.
Analysis on cracked commuter aircraft wing under dynamic cruise load by means of XFEM
N Wirawan1, N A Abdullah2, J L Curiel-Sosa2 and M Akbar2
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In the present work, crack propagation on commuter aircraft wing exerted by dynamic cruise load is analysed. A
detailed 3D finite element model of the wing is used. Validation of the finite element model has been performed by
the comparison with natural frequency and flutter experimental tests. Extended finite element method (XFEM) is
used to simulate the crack growth on the wing. Aerodynamic load under cruise condition is used as the source of

excitation. The ease of XFEM provides a faster solution without the need to re-mesh the finite element model. The
XFEM simulation shows at a certain point in the wing, i.e., near the root, the crack propagates violently and may
cause a catastrophic failure.

Parallel session: Materials Characterisation
Johnson-Cook parameter evaluation from ballistic indentation data via iterative FEM modelling
M Burley, J Campbell, J Dean and B Clyne
University of Cambridge, UK
A methodology is presented for evaluating the Johnson-Cook parameter, C, which is used to characterize the strain
rate sensitivity of plastic deformation. This has been done using ballistic indentation experiments, using high-speed
photography to monitor projectile motion and stylus profilometry to record residual indent shapes, coupled with
iterative FE modeling of penetration and rebound. Cermet spheres of 5 mm diameter were projected with velocities
in the range 50-250 m s-1 at copper samples, in both work-hardened and annealed states. Commercial ABAQUS
software was used for the simulations. The level of agreement between predicted and measured outcomes was
characterized using a goodness-of-fit parameter. Since the strain rate sensitivity is characterized by a single
parameter value in the Johnson-Cook formulation, convergence on its optimum value is straightforward, although a
parameter characterizing interfacial friction is also required. The best-fit values of C were ~0.016 and ~0.030 for
work-hardened and annealed material. The strain rates operative during these experiments were ~104 – 106 s1
. Customised software packages allowing automated extraction of such values from sets of experimental data are
currently being developed.
Determination of the rigid rotation plastic hinge point in SENB specimens in different strain hardening alloys
W Khor1, P Moore2 and C Brown1
1
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Fracture toughness tests loaded under bending are assumed to deform around a fixed plastic hinge point within the
ligament ahead of the notch tip. The rotation factor, rp, is defined as the proportion of the ligament that this hinge
point is located ahead of the crack tip. In fracture toughness test standards BS 7448-1 and ISO 12135, the value of
CTOD is determined from the crack mouth displacement, and by similar triangles estimation assuming a fixed value
of rp of 0.4, while the Japanese standard, WES 1108 assumes an rp of 0.43.
In this paper, the concept of an SENB specimen bending at a fixed rotational point under loading was investigated.
Experimental SENB tests were carried out on three different strain hardening alloys, and the actual point of rotation
was determined experimentally throughout the tests using the similar triangles principle from the two displacements
measured from a double clip gauge. The experimental results were used to develop and validate a series of different
strain hardening property numerical models. By extracting the rotational factor from the different strain hardening
property models, a relationship between strain hardening and a strain hardening corrected rotational factor, rpsh was
established. This corrected rotational factor function was used to propose an improved equation for the calculation
of CTOD and CTOD R-curves, which gave good estimations of CTOD when compared to values measured
experimentally from sections through silicone replicas of the specimen notch. The improved R-curve equation will be
proposed for future amendments of the ISO 12135 standard.

Extraction of Miller-Norton creep parameter values from constant load indentation data
Y Cui, J Campbell, M Burley, R Thompson, J Dean and B Clyne
University of Cambridge
The methodology of iterative FEM simulation of an indentation process, seeking the set of material property
parameters that gives optimum agreement between modeled and experimental outcomes, has been applied to
creep. Primary creep inevitably exerts a substantial influence over the outcomes of indentation experiments, so the
constitutive law employed was the Miller-Norton expression, which simulates both primary and secondary
regimes. It was found that the experimental response of HDPE (high density polyethylene) samples during uniaxial
(constant load) creep tests, with a range of applied stress levels, agreed well with predictions from this expression,
using appropriate parameter values. Constant load indentation tests were then carried out, using a cermet sphere
of diameter 2 mm. These involved test periods of the order of 5-50 hours, leading to penetration ratios (d/R, where
d is the depth of penetration and R is the indenter radius) in the range 20-50%. Before each test, a (spherical cap)
recess was machined on the surface of the sample, with a radius approximately equal to that of the indenter and a
penetration ratio of about 10%. This ensured that the (von Mises) stresses generated during these experiments
were all below ~10 MPa, so that any deformation resembling conventional plastic deformation was avoided. It is
shown that, by applying a Nelder-Mead convergence algorithm to the indentation data, Miller-Norton parameter
values could be inferred that were close to those obtained from conventional uniaxial testing. Information is
presented concerning sensitivities and convergence characteristics, as well as the effects of friction and the
potential significance of anisotropy.

Parallel session: Rotating Machinery
Rotor blades dynamics characterization and monitoring for extreme operational conditions
D Dachev and J Tang
Brunel University London, UK
Due to the complexity of composite material, accurate manufacturing is very complicated and carry over a large
number of uncertainties, which makes process optimization and validation of primary importance.
As a future innovative technology, this paper focuses on open rotor propeller blades mechanical characterization to
are going to be mechanically validated against severe working conditions and simultaneously monitored by acoustic
emission. Vibration analysis using both impact testing and industrial shaker for natural frequencies evaluation are
performed for future modelling validation and correction of the approximated material properties.
Results obtained in this project have validated that the blades are able to sustain the most severe conditions with
comfortable safety margins. Critical areas and uncertainties have been pointed and validated. Appropriate AE
technique has been implemented to obtain relevant data and focus on specific areas of interest. Strong correlation
has been shown between modelling and experimental testing.
In a conclusion, main aims have been achieved. Modelling and experimental data have been correlated. As a future
recommendation, tensile and flexion test can be perform without a cap of the total applicable force, so the structure
can be brought to a total destruction and AE data can be compared with validation data collected from this project.
Vibration analysis can be performed with horizontal blade, so more modes and frequencies can be observed.

An approximation for parameter-dependent eigenvalue problems arising in gyroscopic systems
N Gavryliuk and A Bhaskar
University of Southampton, UK
Parameter-dependent eigenvalue problem occurs in a host of engineering contexts. Structural design under dynamic
loading is concerned with the evaluation of eigenvalues for a large number of structures, each evaluation
corresponding to a combination of design parameters. Exact calculation of the natural frequencies of all the models
considered is computationally expensive. Here structural problems that possess gyroscopy, typically encountered in
the analysis of rotating elastic structures, are considered. Approximate but inexpensive calculations are sought for
this class of problems. In the present work, an algorithm for approximating the natural frequencies of undamped
gyroscopic systems is presented. Numerical examples show excellent accuracy, while affording significant
computational economy compared to exact calculations. The computational gain is found to be relatively more
notable when the size of the considered problem is large.
Prediction of squeal noise occurrence for a novel 4-piston disc brake caliper
T Budinsky, P Brooks, D Barton
University of Leeds, UK
Noise and vibration emanating from disc brakes, especially high frequency “squeal” noise, continues to be a major
irritant to road/rail users and a major source of warranty claims for vehicle manufacturers. It has been observed that
the position of centre of pressure (CoP) at the brake pad/disc contact area has a significant influence on the onset
of brake squeal. This paper firstly describes the development of a new 4-piston opposed brake caliper which
enables control of the CoP position in real time in order to suppress the unstable modes of vibration which cause
brake squeal. The prototype caliper and associated control system enables differential pressures to be applied to
the leading and trailing pairs of piston whilst at the same time maintaining the overall braking torque at the required
level. The modular design of the caliper allows numerous modifications such as adaptation to a variety of disc sizes
or replacement of the 4 piston module for one with a different number of pistons.
This paper also reports the development of a 3D finite element model of a disc brake fitted with the new caliper
arrangement in order to (a) estimate the position of CoP for differential hydraulic pressures applied to the leading
and trailing pistons, and (b) conduct Complex Eigenvalue Analysis (CEA) to predict the effect of movement of CoP
on the squeal propensity. The results of the contact pressure analysis are validated by comparison with a previously
developed rigid body model of the brake pad demonstrating the possibility of correlating the CoP position with the
squeal occurrence. The CEA has shown that variation of the brake pressure values at the leading and trailing side of
the brake does indeed impact on the number and frequency of unstable modes of vibration. This correlates with
preliminary experiments which have shown that the unstable modes of vibration of the brake assembly, often
leading to an audible squeal noise, could be reduced or completely suppressed by adjusting the brake line pressure
values on the leading or trailing sides of the caliper. Ongoing work is aimed at confirming this correlation whilst
further attempts are being directed towards development of a fully automated squeal control system for possible
implementation on real vehicles.

Parallel session: Dynamics Theory
Critical buckling predictions for plates and stiffened panels from natural frequency measurements
D Kennedy and K I Lo
Cardiff University, UK
Plates and stiffened panels are used in many engineering applications, including aerospace, automotive, ships and
bridges. Initial imperfections and other types of damage reduce their strength and stiffness properties, including
their critical buckling loads. However buckling tests for built-up structures are impractical, while predictions from
models are imprecise due to difficulties in detecting the location and extent of damage.
Doyle (1973) discussed the transverse vibration of axially compressed bars and frame structures, establishing a
linear relationship between the applied load and the square of natural frequency such that the latter reduces to zero
at the critical buckling load. Singer et al. (2002) developed the Vibration Correlation Technique which predicts the
critical buckling load by extrapolating results obtained from non-destructive testing as the structure is progressively
lightly loaded. The technique has been successfully applied to plates and shells (Singer and Abramovich, 1979),
but the linear relationship breaks down in the presence of geometric imperfections (Rosen and Singer, 1974,
Abramovich and Kalnins, 2017).
In this paper, a straight line relationship is firstly established for a simply supported isotropic square plate loaded in
axial or transverse compression. Identical sinusoidal mode shapes are observed for pure vibration, pure buckling
and the intermediate cases of vibration of a lightly loaded plate.
When the aspect ratio of the plate is increased to 3, different sinusoidal modes are observed for pure vibration and
buckling in axial compression, having respectively one and three longitudinal half-waves. Intersecting straight line
relationships are observed for each type of mode, so that extrapolation to the critical buckling load is possible by
considering natural frequencies higher than the fundamental.
When the plate is progressively loaded in shear, the pure vibration mode is sinusoidal but becomes increasingly
skewed. Intersecting non-linear relationships are observed, whose accuracy in predicting the critical buckling load is
explored with reference to the underlying transcendental eigenproblems (Wittrick and Williams, 1974; Anderson et
al., 1983).
Similar relationships occur for isotropic stiffened panels. For composite and damaged structures non-linear
relationships are observed for all in-plane loading cases.
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An efficient 3D finite elements method for non-linear vibration problem
J Blahoš, F El Haddad and L Salles
Imperial College London, UK
Finite element method is the preferred numerical method in many engineering fields. This applies for structural
dynamics as well and namely non-linear vibrations, which is the area of interest of this work. In this field, we are
often only interested in a steady periodic motion as a response to the periodic external excitation of the system.
Harmonic balance method is a very powerful approach that allows for obtaining periodic solutions of non-linear
problems. Using the frequency parameter continuation, we can obtain the system response for a whole frequency
range, which is typically required when analysing vibrations.
To solve the governing system of differential equations for more complex structures and use finer meshes to obtain
more accurate solutions, we need to take advantage of nowadays parallel computer platforms. There has been an
extensive research in the field of parallel algorithms for solving systems of linear equations, which are the core of
every numerical scheme. Methods like domain decomposition or multigrid methods (either geometric or algebraic)
are examples of the most popular approaches. The choice of the most suitable algorithm strongly depends on the
solved problem, it’s matrix representation specifically.
In this work we use the approach described above on a model example of a vibrating structure. We compare
different approaches of applying the harmonic balance method within the FEM. We also test different continuation
algorithms and their parallel implementations. This will give a good grounding in the aim of developing an efficiently
scalable parallel solver for non-linear vibration problems.

Parallel session: Experimental Techniques
Micro-scratching of single-crystal 6H silicon carbide
K H Pang and A Roy
Loughborough University, UK
Silicon carbide (SiC) is a promising material for micro-electromechanical systems (MEMS) applications as well as
structural materials in harsh environments. Due to its excellent electrical stability, mechanical robustness, and
chemical inertness, SiC is poised to replace silicon-based MEMS devices. On the other hand, SiC can also be used
as structural components in the aerospace, automotive and nuclear industries where components are subjected to
high temperature, high power frequency or irradiated environments. Components from SiC can range from smallest
in the micro-mesoscopic scale with dimensions smaller than 100μm to largest in the macroscopic scale with
dimensions in millimetre. A good understanding of deformation behaviour is, therefore, crucial for reliable smallscale component design and fabrication. At small length-scales numerical models that predict plastic deformation
of components is heavily influenced by the component size and accurate representation of material properties.
Here, experimental and numerical analysis of the deformation behaviour of single-crystal 6H-SiC in the microscratch test is presented. Micro-scratching studies were carried out in three orientations of the single-crystal using a
conical indenter. Next, an implementation of crystal-plasticity theory in finite-element (FE) modelling framework to
predict the deformation and material removal characteristics of the hexagonal single-crystal is discussed. The
validity of the present FE modelling methodology was corroborated through comparison between FE simulations and
experimental data in terms of groove profile and cutting forces. Our results demonstrated that an enhanced version
of classical crystal plasticity theory can be reliably applied in predicting plastic deformation and material removal of
ceramic at small scales.

On the practical application of phase-based video magnification for full-field operational modal analysis
T Gibbons, K Worden and I Antoniadou
The University of Sheffield, UK
Operational modal analysis is a vital procedure in many engineering applications including vibration control,
structural health monitoring, and system identification. Traditional measurement systems require a set of sensors,
such as accelerometers, to be physically attached to the structure, however, this can lead to undesirable problems
such as mass-loading in lightweight structures. Moreover, these discrete measurement systems result in low
resolution mode shapes that are often insufficient for applications such as damage localisation or model validation.
In recent years, full-field non-contact methods such as scanning laser vibrometry (SLV) and digital image correlation
(DIC) have been used to alleviate some of the traditional problems. However, these methods suffer additional
difficulties such as time consuming sequential measurements in SLV and the requirement of surface preparation in
DIC.
More recently, the phase-based video motion magnification method has been applied to operational modal
analysis. The non-contact method allows the user to take instantaneous full-field modal measurements, without the
need for surface preparation. Unfortunately, whilst the new method shows significant potential, it is hindered by the
sheer volume of data required, and is particularly sensitive to environmental changes such as lighting. The purpose
of this paper is to give a thorough presentation of the theory behind the phase-based motion magnification method
alongside a discussion of its practical implantation.
On the use of measured rotational responses in structural dynamic analysis
T Silva and A Urgueira
UNIDEMI, FCT-NOVA, Portugal
Testing is a very important task in structural dynamics and on its applications, namely on the characterization of
dynamic behaviour of structures or on the use of the structural responses to indirectly determine their dynamic
properties. The increasing availability of sensors, capable of measuring rotational responses, leads to the
improvement of existing methods and to the development of new ones. In this work, an evaluation of MEMS sensors
performance is carried out considering experimental applications ranging from the determination of rigid body
properties to damage identification.
Experimental methods for the measurement of plasticity and damage at high strain-rates
A Sancho1, M Cox2, G Aldrich-Smith2, T Cartwright2, R Quinn1, C Davies1, P Hooper1 and J Dear1
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Some novel experimental techniques for the characterisation of plasticity and fracture of isotropic metallic materials
are explored in this work. Although some of the experiments are relatively common in the engineering community,
new features have been added in order to enrich the information obtained. One of the main interests of the research
is also to extend the applicability of these techniques to high speed conditions.
The experimental measurement of tensile properties of metals is one of the most extended tests in materials
engineering. Nevertheless, the proper characterisation of materials beyond plastic instability or necking is rarely
studied due to the lack of interest in the plastic region for conventional applications. This research explores an
imaging technique that can be used to characterise the neck geometry and obtain values of true stress and true
strain up to fracture conditions. For the application of this method at high strain-rate an in-situ high speed
shadowgraph method is used, which is capable of taking pictures of the geometry and neck of the specimen
throughout the test. The experiment has been combined with a sub-pixel edge detection algorithm for images post-

processing that enhances the accuracy of neck extraction. With the geometrical parameters extracted from the
pictures and making use of Bridgman theory the real true stress and true strain values of the material which take
into account the necking effects can be obtained.
The proposed imaging method also allows to obtain the evolution of stress triaxiality in the neck of the specimen.
This is of particular interest for the analysis of notched specimens, which are generally used to study the effect of
triaxiality on fracture strain. Different notches are used to induce different stress states in the material, however,
triaxiality varies as the curvature of the notch changes when tensile load is applied to it. The proposed technique
ensures an accurate measurement of triaxiality which can be accounted for when the results are later used for
fracture models calibration. This experiment has also been applied to high strain-rate conditions in combination with
the shadowgraph and the sub-pixel accuracy post-processing method.
The presented techniques have been tested on two ductile metals, an austenitic stainless steel and a copper alloy.
The methodology has been validated by comparing its results in the pre-necking region with those of other more
conventional techniques such as video-extensometer and digital image correlation. The technique has been tested
in different strain-rate conditions ranging from quasi-static to ~10^3 s^-1 and the results prove that its
performance is not reduced at higher strain-rates of deformation. The results for the analysed materials are
presented and the calibration of some typical plasticity and fracture models is exemplified.

Parallel session: Friction
Tribological and vibrational effects of laser surface texturing on steel-steel sliding contact
S Wang, A Chen and J Mei
University of Shanghai for Science and Technology, China
Laser surface texturing (LST) not only can significantly improve the tribological performance of various tribological
contacts, but also can significantly reduce the frictional noise and vibrations generated from sliding contacts. In
order to investigate the tribological effect of laser surface texturing, three different surface textures (circular dimple,
elliptical dimple, and groove) with two different textured area ratios (10% and 20%) are designed and processed on
steel specimens by means of laser surface texturing technique. The friction and wear performance of textured
specimens is tested using a standard friction and wear testing machine (UMT-2) under mixed lubrication condition.
The experimental results show that the circular dimple has the best performance in friction reduction; while the
elliptical dimple has the best performance in wear resistance. Grooves can reduce friction quickly and remain it
nearly constant. Simulation results verified that circular dimples may generate higher hydrodynamic effect under
hydrodynamic lubrication that may contribute to the larger friction reduction of the surface with circular dimples.
The effect of laser surface texturing on the frictional noise and vibration generated from steel-steel sliding contacts
under lubricated and dry conditions is also investigated. The conclusion is that laser surface texturing has significant
effects on the tribological, vibrational, and other physical performance of functional surfaces. To get the best
tribological and vibrational performance, the functional surface texture should be optimized considering the coupled
effects of surface texture, lubrication, and contact condition.

Parallel session: Manufacturing
Modelling and characterisation of a servo Self-Piercing Riveting (SPR) system
D Tang1, M Evans2, P Briskham2, L Susmel1 and N Sims1
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This paper describes the mathematical modelling of a servo Self-Piercing Riveting (SPR) system.
SPR is a cold mechanical joining process in which multiple sheets of material are riveted together in a single tool
stroke, without the need for a predrilled hole. It works by pushing a typically semi-tubular rivet into a target stack of
material, during which the plastic deformation of the material and rivet are such that a mechanical lock is formed
within the material stack. The process is used extensively in the automotive industry in car body construction, and is
a competing technology to more established joining techniques such as resistance spot welding. As part of the
ongoing development of the technique, there is a strong need to understand and simulate the dynamics of the
process. Model-based analysis can provide insight into the sensitivities of the process and facilitate further
development, while minimising the amount of experimental effort required.
A model of the SPR system has been developed in MATLAB/Simulink, with individual subsystems representing the
main components in the system: control unit, permanent magnet synchronous motor, belt drive, planetary roller
screw mechanism, clamping mechanism, C-frame, and the joint. Power electronics involved in the field-oriented
control of the motor were modelled using the Simscape Power Systems library. The control logic was expressed in
the Stateflow environment. Nonlinearities in the system such as the friction profile of the roller screw and the
dynamics of the clamping mechanism were experimentally identified. The restoring force surface method was used
to generate a black-box model of the joint. The model is used to highlight the significance of the compliances within
the system. It is shown that during rivet insertion, both the stiffness of the rivet setter and the C-frame structure are
influential factors in determining the response of the system. The results provide the basis for a more comprehensive
sensitivity analysis into the factors which affect the quality of the resulting joint.
Development of a non-resonant vibration assisted milling system with application to burr reduction and surface
texture generation
D Huo, W Chen and J Hale
Newcastle University, UK
Vibration assisted machining (VAM) is an external energy assisted machining method in which high frequency and
small amplitude vibration is superimposed on the motion of the tool or workpiece to improve the material removal
process. It has been applied to several machining processes for use on hard materials, including turning, drilling,
grinding, and more recently milling. The vibration stage is the key element in a VAM system. Previous research was
focused on resonant type vibration stages that can reach high vibration frequency but vibration frequency is limited
at the resonant frequency of the stage structure. In this paper, a high bandwidth non-resonant type XY stage is
designed, analysed and tested for vibration assisted micro milling.
The piezo actuator-driven XY vibration stage employs a novel flexure-joint configuration where double coupling circle
flexure-joint structures can suppress the coupling displacements of the stage along X and Y directions effectively. To
meet the machining requirements of high spindle speed in micro milling, the structural parameters of the proposed
vibration stage are optimized by finite element method to improve the resonance while reducing the stiffness of the
vibration stage. The resonant frequencies greater than 2,000 Hz in both directions and suitable stiffness of 50N/μm
are obtained through parameter optimization. Tests are performed on the designed stage using two capacitance
displacement sensors and the transient vibration locus of the stage is obtained.

Micro slot milling experiments are performed using the vibration stage to investigate the effect of vibration
assistance on machining performance and machined surface generation. When the vibration assistance is applied
in the feed direction, up milling and down milling takes place periodically on both of the cutting-in and cutting-out
sides. This results in a reduction of burr formation. The results also show that various types of surface textures, e.g.
wave and fish-scale types, can be generated by combinations of machining and vibration parameters, and
controllable wettability of the machined surface can be realised by using the vibration stage developed.
Experimental study of torsional vibration assisted tapping in steel
P Onawumi, M Makrosellis, J Kim, A Roy and V Silberschmidt
Loughborough University, UK
Tapping is an integral part of the machining process employed in various industries for production of internal
threads. This process is the final stage of an operation used to facilitate assembly and joining of different machined
parts by bolts and fasteners. Undesired breakage of taps during the threading process due to an excessive torque
generated with conventional tapping techniques poses a major problem in the industry. Inaccuracies in thread
geometry lead to problems with the surface interaction between a screw and a thread, resulting in loose fits in
assembly. Thus, there is a need for improvements in the tapping process for efficient manufacture and assembly of
parts.
Vibration-assisted tapping (VAT) is a novel hybrid machining process employing a special horn, incorporated in a
traditional ultrasonic transducer, to yield torsional modes of tool vibration during the tapping process. This unique
process was found to reduce the imposed torque during the tapping process and improve thread quality.
Additionally, thread quality and chip formation in VAT were compared with those for a standard conventional
tapping process. The obtained results demonstrate that application of the VAT technique enhanced the tapping
process significantly.

Parallel session: Composites
Classification-based damage localization in composite plate using strain field data
R Janeliukstis, S Rucevskis and A Chate
Riga Technical University, Latvia
Nowadays composite materials, especially CFRP are widely used in a large array of engineering and manufacturing
sectors due to their well-known advantages over more conventional materials. However, repair of the composite
structures due to damage is a difficult and often an expensive task, hence detection of damage in its early stage is
of high priority in many fields requiring state-of-the-art, high performance structures.
In this paper, a problem of damage localization in cantilevered composite plate is studied. The procedure consists
of the following steps:





Preparation – instrumenting a CFRP plate with strain gauges and a piezoelectric actuator, clamping the
plate and conducting an experimental modal analysis.
Data collection – tailoring the actuation sinusoidal AC wave using extracted fundamental frequency,
partitioning the plate into zones, putting a mass in each of these zones and recording the mechanical
strains with strain gauges.
Training a classification model – fusing and grouping strain data to build a classification model in which
zones of the plate serve as classes and recorded strains as predictors, testing various classifiers using
Matlab Classification app, selecting the classifier with the best classification accuracy and optimizing the
hyper parameters.



Validating a classification model – selecting 5 query points on the CFRP plate and localizing the unknown
query points in terms of classes (zones) of the plate.

It is found that the linear discriminant classifier served the best with 90.7 % classification accuracy. Overall, the
unknown query points were classified successfully with only slight misclassification for the point at the boundary
between 2 zones.
Towards combining imaging methods to evaluate defect and damage in composite sub-structures
I Jimenez-Fortunato, D Bull, J M Dulieu-Barton and O T Thomsen
University of Southampton, UK
It's well evidenced that Digital Image Correlation (DIC) and Thermoelastic Stress Analysis (TSA) are capable of
detecting manufacturing defects and in-service damage within small scale composite components. The
thermoelastic effect is the fundamental element for TSA; it describes the reversible relationship between thermal
energy and mechanical deformation in an elastic solid under adiabatic conditions. When a change in stress or strain
occurs during cyclic loading, TSA measures the small temperature change by means of a so-called lock-in process
that extracts the amplitude and phase from the temperature data. DIC is based on the capture of one or more
images using white light cameras of a body subjected to external loading and tracking a speckle pattern applied to
the surface to obtain the displacements and hence the strain field. When combined with a lock-in algorithm, the DIC
technique can be used for cyclic loading to determine the displacements and strain amplitudes; this technique is
called Lock-in DIC (LIDIC). In this research, both TSA and LIDIC will be applied and validated on large composite
structures. To cover such a large field of view, whilst maintaining a high spatial resolution to detect manufacturing
defects and damage, several cameras are needed to study several regions of interest on the structure. One of the
aims is to reduce the acquisition and operational costs by substituting expensive photon detector cameras with lowcost bolometers and using high resolution cameras that tends to have low frame rates instead of expensive highspeed cameras. Furthermore, due to the low frame rate of white light cameras typically used for LIDIC the data is
under-sampled and the lock-in is performed at an apparent frequency that is lower than the loading frequency of
the test. Thus, when using LIDIC, there is no requirement to synchronise the image capture with the maximum and
minimum of the loading signal. Initial work has implemented both TSA and LIDIC to study a glass fibre reinforced
polymer (GFRP) specimen with 6 mm hole in the centre subjected to cyclic loading. TSA was performed on the test
sample using two types of IR cameras: a photon detector and a bolometer, to understand the differences in
response characteristics and to develop techniques to improve the bolometer performance in TSA. The equipment
needed to conduct the LIDIC method was two white light cameras to facilitate stereo DIC, which can compensate for
out-of-plane deformations and 105 mm lenses. It was shown that both the TSA and LIDIC techniques were capable
of detecting damage inside the GFRP sample. The development of TSA performed with a bolometer is currently in
progress. The research so far has emphasised the requirement of calibrating the bolometer at different loading
frequencies to obtain a similar response as the photon detector. Homogeneous material samples i.e. stainless steel
or aluminium specimens, have been used to study the bolometer response due to the knowledge of mechanical
properties. Further research will apply TSA and LIDIC to obtain full-field measurements of stress and strain
simultaneously to characterise the damage or defects on sub-structures.
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(Invited) Integrating full-field experimental imaging techniques for on-site inspections and stress based nondestructive evaluation
J M Dulieu-Barton
University of Southampton, UK
Thermoelastic stress analysis (TSA) [1] and digital image correlation (DIC) [2] are two well known, complementary
full field stress / strain measurement tools. Both provide data relating to the stress or strain change on the surface
of a component. In the case of TSA the sum of principal stresses is obtained, whereas for DIC component strains are
obtained. The principles underlying the measurements are very different for the two techniques and accordingly
each technique has its strengths and weaknesses. For example, DIC provides the individual strain components but
is limited in spatial resolution so areas with high strain gradients, such as around defects, are not well resolved. TSA
in contrast has high spatial resolution but can only provide the sum of the principal stresses, making it difficult to
implement in the context of failure criteria. However the information provided is complimentary, thereby giving
independent measurements which together offer a richer understanding of the mechanical and thermal behaviour of
the component or material being tested.
The presentation focusses on the development and implementation of TSA as a new stress based non-destructive
evaluation approach. On-site tests are described, which consisted of the inspection of several welds along thick
walled high pressure steam drains during a scheduled outage period at a coal fired power station (EDF, West
Burton) on pipework. To excite the thermoelastic response, it is necessary to apply a cyclic load, which is usually
done with a test machine in a laboratory setting. To deploy on-site it was necessary to develop a device to produce
a small load sufficient to elicit the thermoelastic response. It was demonstrated that TSA inspections were very
efficient, and the equipment was proved to be robust in the difficult service environment, with data collection and
analysis taking a matter of minutes identifying stress concentrations close to welds. The presentation shows that
TSA can be used effectively as a tool to rapidly inspect defects, which could be used in conjunction with other
inspection techniques such as ultrasound.
A key challenge is how to most effectively combine DIC and TSA. TSA relies on a dynamic cyclic load, using a lock-in
algorithm to extract the amplitude of the thermal response, DIC is most commonly applied to static loading. Recent
work has shown that it is possible to use the same lock-in approach in DIC to extract strain, enabling standard low
frame rate cameras with high spatial resolution to be used without the need for load-camera synchronisation. An
example of how the techniques can be combined involves the inspection of discontinuous fibre compression
moulded composite materials Here, a significant limitation is the heterogeneous mechanical properties at the
mesoscale which adds complications to predicting the mechanical behaviour and thereby potentially reducing the
uptake in the composite industry. To understand the mechanisms contributing to material heterogeneity, DIC and
TSA are used to link the material heterogeneity with the surface response detected by DIC and TSA. To address the
need for fast online inspection in a production environment, this work also demonstrates the capability of combining
TSA with vibrational excitation of a component to capture surface stress heterogeneity.

Parallel session: Damping
Structural modification based analysis and design of tuned mass dampers
A Kyprianou
University of Cyprus, Cyprus
This article discusses the design of tuned vibration absorber for structures. A central notion in the identification of
the parameters of a tuned mass damper (TMD) absorber for MDOF systems is that of modal mass of the original
structure. The modal mass, as it is well known, is associated with mode of vibration of the original structure whose
frequency is required to be absorbed. The estimation of the modal mass can be achieved by either using a mass,
stiffness, and damping model of the structure or, for an existing in service structure, from experimental modal
analysis. In both of the above cases inaccuracies are introduced due to modeling errors and experimental noise.
Furthermore the non-uniqueness of the modal mass sometimes renders the design of the TMD even more
challenging. This article aims (a) to address the issue of the non-uniqueness of the modal mass and assess its
effect on the TMD design and (b) by drawing from the theory of structural modification to enable the design of TMD
directly from the frequency response functions.
Nonlinear model reduction for control of an active constrained layer damper
C H Meyer1, k Holeczek2, M Meschenmoser1, C Lerch1, P Kostka2, B Lohmann1 and D J Rixen1
1
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One technique to reduce vibrations of shell structures is the application of constrained layer damping (CLD)
treatments. Those are applied directly onto the vibrating structure. They consist of two layers: A damping layer made
of a highly energy dissipating material, and a constraining layer that forces the damping layer to undergo shear
deformations rather than bending to induce better energy dissipation. A unique extension of the constrained layer
damping consists of the replacement of the uncompressible viscoelastic layer of the classical CLD with a
compressible one -- usually open-cell foam -- which damping properties can be adjusted through thickness
adjustment. The thickness changing actuation principle beses on structural cavities generating evanescent
deformations when supplied with fluidic medium.
A finite-element model of such Compressible Constraind Layer Damping (CCLD) treatment has been developed and
used in the main studies. Herein, the geometric, material and load property range has been parametrised so that
generalised conclusions abaout the CCLD dynamic behaviour could be drawn. However, since the damping
properties of the constrained layer damper depend on the excitation frequency and compression of the material, the
CCLD has to be actuated in-operando in order to achieve improvement of the dynamic behaviour.
One challenge to set up the optimal compression during operation is the determination of the optimal pressure in
dependence on excitation. This can be done either by experimental tests or numerically by using a finite element
model. Experimental tests can be very cost-intensive because they have to be done for each new design. A
computation of the optimal compression by using a finite element model is usually cheaper but still can take much
simulation time due to high dimension of the model and nonlinearities considering large deformations of the
structure.
This contribution shows how model reduction is deployed to reduce computation time to find optimal actuator
pressures for different excitations.
The model reduction is performed by first using a Galerkin projection to reduce the dimension of the problem and
second by using hyperreduction to accelerate the evaluation of nonlinear terms. It also gives an outlook on how this
could be used for offline computation of a characteristic map for the control input or online computation of the
optimal control input for control strategies such as model predictive control.

Constrained layer damping treatment: analysis of multi-strip application on thin plates
A Kudal and A Cicirello
University of Oxford
Constrained Layer Damping (CLD) is a type of passive damping treatment commonly used in the aerospace and
automotive industries for dissipating vibrations in lightweight structures. It consists of a viscoelastic polymer layer,
with a high loss factor, sandwiched between the structure and a constraining metal layer with a high modulus. The
vibrational energy is dissipated by shear distortion of the damping material when out-of-plane vibrations of the
structural element occur, especially when resonant behaviour is dominant. CLD treatments are commercially sold as
rolls, with varying widths and can be custom-made for larger footprints. Often larger footprints are covered by using
multiple strips. This paper focuses on showing the effects of using multiple strips of CLD rather than uniform
treatment, on the prediction of the performance of a plate with a multi-strip treatment using Finite Element (FE)
models and its validation with experimental data, and on the selection of the strips position.
Previous research by Moreira and Rodrigues has shown that the effects on the response of CLD treatment applied
uniformly to a thin panel can be investigated by using the FE method. The complex modulus approach was used to
model viscoelastic properties, obtaining good correlation with experimental results. Furthermore, several papers
have investigated the topology optimization of CLD patches on planar structures. In particular, Chia et al. employed
a Cellular Automaton algorithm to optimally place CLD on a plate, resulting in a stripe-like topology layout in various
orientations. However, the paper did not directly study the orientation or optimization of multi-strip CLD. To the best
of the authors’ knowledge, no studies so far have explicitly investigated the effects of strip orientation on damping,
nor the optimal placement of multi-strip CLD.
In this paper, the orientations effects are investigated by considering CLD strips of 50 mm width: (i) parallel to the
long axis of the plate, (ii) perpendicular to the long axis, and (iii) 45° to the long axis. These multi-strip treatments
are applied to uniformly cover aluminium plates measuring 300x200x2 mm, and experimental data (obtained
exciting the structure using a modal shaker and measuring the response with a Laser Doppler Vibrometer) is
compared showing that strip orientation strongly affects the amount of energy that can be dissipated at one
particular resonance. This is related to the corresponding mode shape curvature and nodal line positions. FE models
of the plates with multi-strip CLD are developed using the commercial FE software ANSYS. The viscoelastic
properties of the polymer layer provided by the manufacturer in the form of a reduced frequency nomogram are
implemented into the FE model using Prony series. The Frequency Response Functions obtained by the model are
then compared with experimental results, showing good agreement. Finally, an approximate topology optimisation
technique is investigated to target the first bending mode of the structure and is validated experimentally. This
technique involves optimising a uniform CLD topology for maximum stiffness (using ANSYS topology optimization
feature) and then manually locating optimal strip placement by taking into account orientation effects from the
findings above.
Nonlinear vibrational analysis for integrally bladed disc using frictional ring damper
Y Sun, L Salles, J Yuan and L Pesaresi
Imperial College London, UK
The use of integrally bladed-disk is now very popular in turbomachinery industry since they feature significant
aerodynamic and structural improvements along with a significant mass reduction. However, these integrated single
structures can arise a major high cycle fatigue issue due to the lack of sufficient damping for dissipating the
vibrational energy. The damping from friction in the contact interface for bladed-disk structure can be used to
dissipate vibration. The ring damper, which held in contact to the disk through the centrifugal force, provides a
promising technology to mitigate the vibrational levels through the interfacial contact friction with the disc. This work
describes a numerical investigation of the nonlinear dynamic behaviour and nonlinear normal mode for such a

bladed-disk with frictional ring damper using the Harmonic Balanced Method (HBM) with Alternating Fourier
Transformation Techniques. In this case study, a lumped parameter model with four degrees of freedom per sector is
used to represent the system, with two DOFs representing the motion of each blade, one DOF for the disc and the
other one for the ring damper. The Jenkins element (Coulomb slider in series with a spring) is used to model the
nonlinear contact friction forces between the disc and ring damper. Cyclic symmetric reduction technique is applied
to further improve the modelling efficiency. Using such a modelling strategy, the modal damping and resonance
amplitude are directly and efficiently computed through nonlinear normal mode analysis. The stability of this
nonlinear system is analysed based on Floquet theory. The initial results show the vibrational level on the blades
can be effectively controlled by the parameters of the ring damper model. The effectiveness of ring damper and
damping performance is evaluated. This study also indicates the nonlinear normal mode analysis based HBM may
be an effective method to analyse the dynamic behaviour of the integrated bladed-disk with frictional ring damper.

Parallel session: Crack Growth
An efficient hybrid method for determining the vibration response of flat plates
Y Luo, D Kennedy and C Featherston
Cardiff University, UK
Plates are used widely in a range of engineering sectors, including aerospace, naval architecture and civil
engineering. Loading such as impact or fatigue may cause cracks to develop which will reduce the plate’s strength
and stiffness properties. Locating and sizing these cracks is essential in determining the plate’s ongoing structural
health. One method for achieving this is by examining the changes to its natural frequencies which occur when a
crack is present. This requires a comprehensive understanding of the relationship between the location and severity
of the crack and these free vibration frequencies . This paper presents a computationally efficient method for
achieving this and applies it to a single flat plate including cracks with arbitrary length, depth, and direction.
In this method the natural frequencies of a cracked rectangular plate are determined based on the dynamic
stiffness method with the addition of rotational springs to represent the cracks in an analogous manner to that
introduced for beam structures by Caddemi and Calio (2009). Plates are modelled using a hybrid approach which
couples a finite element model used for the damaged strip with an exact strip model used for the intact part,
obtaining a dynamic stiffness matrix for each part at any trial frequency.
In the damaged strip, the effect of the crack is introduced as a rotational compliance which is allocated to the four
nodes of each cracked plate element. For an arbitrarily aligned crack the compliance has components relating to
rotation about both the in-plane axes of the plate.
To assemble these elements, an enhanced dynamic stiffness method is introduced. Nodes connecting only
uncracked plate elements have three degrees of freedom, i.e. lateral displacement and rotation about each in-plane
axis. Nodes to which one or more cracked plate elements are connected are given additional degrees of freedom to
allow for the discontinuities in rotation about each in-plane axis.
The finite element dynamic stiffness matrix for the damaged strip is coupled with the exact strip dynamic stiffness
matrix of the intact part, with the addition of constraints to ensure compatibility of displacements and rotations on
the boundaries. The natural frequencies are then calculated using the Wittrick-Williams algorithm (Wittrick and
Williams, 1971). Numerical results are validated by comparison with those from previous studies.
[1]
[2]

Caddemi, S. and Calio, I., 2009. Exact closed-form solution for the vibration modes of the Euler-Bernoulli
beam with multiple open cracks. Journal of Sound and Vibration, Volume 327, pp. 473-489.
Wittrick, W. H. and Williams, F. W., 1971. A general algorithm for computing natural frequencies of elastic
structures. Quarterly Journal of Mechanics and Applied Mathematics, Volume 24, pp. 263-284.

Novelty detection in a cantilever beam using extreme function theory
D Martucci1, M Civera1, C Surace1 and K Worden2
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Damage Detection and Localisation in beam-like structures resorting to mode shapes is well-established in the
research community. It is known that by inserting a localised anomaly in a cantilever beam, such as a crack, its
mode shapes become different from the usual. These novelties can hence be detected by a Machine trained
exclusively on the modal data taken from the pristine beam. Nevertheless, a major issue in current practices regards
discerning between damage-related outliers and simple noise in observations, avoiding false alarms.
Extreme functions are here introduced as a viable mean of comparison. By combining Extreme Value Theory (EVT)
and Gaussian Process (GP) Regression, one can investigate functions as a whole, rather than focusing on their
constituent datapoints. Indeed, n discrete observations of a mode shape sampled at D points can be assumed as D
1-dimensional sets of n aleatory, normally distributed observations. From any given point is then possible to define
its Probability Density Function and the Cumulative Density Function (CDF), which minima, according to the EVT,
belong to one of three feasible extreme distributions – Weibull, Frechet or Gumbel. Thus, these functions – intended
as vectors of sampled data – can be compared and classified.
Anomalous displacement values that could indicate the presence of a crack are therefore identified and related to
damage. In this Paper, the effectiveness of the proposed methodology is verified on numerically simulated noisy
data, considering several crack locations, levels of damage severity (i.e., depths of the crack) and signal-to-noise
ratios.

Parallel session: Damage
Detection and location of nonlinearities using reciprocity breakdown
J Penny1, M Wood1 and M Friswell2
1
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Damage in structures often results in local stiffness nonlinearities and detecting these nonlinearities can be used to
monitor the health of the structure. It is well-known that nonlinearities in structures leads to a breakdown in
reciprocity, where the frequency response function between two points on the structure depends on the forcing
location. This paper proposes a measure to quantify the level of non- reciprocity in a structure and investigates the
effect of the location and type of nonlinearity on this non-reciprocity measure. A simulated discrete mass-spring
system is initially used to determine the effect of the excitation and measurement locations on the ability to detect
the nonlinearity. Stepped sine testing is commonly used to characterise nonlinear system since harmonic excitation
emphasises nonlinear phenomena and can (for example) allow the system to exhibit multiple solutions. Hence a
simulation of a stepped sine test will be used as the baseline example to highlight the reciprocity breakdown in the
most favourable case. However, impact excitation or random forcing are much easier and faster to implement in
practice and hence the effect of the excitation type on the detection and location of nonlinearities will be
considered. The approach is also demonstrated on a simulation of a continuous beam structure with discrete
nonlinearities. Finally, the prospects for using a measure of reciprocity in a structural health monitoring system are
discussed.

Microscopic investigation of subsurface initiated damage of wind turbine gearbox bearings
H Long and J H AL-Bedhany
The University of Sheffield, UK
Wind turbine gearbox bearings experience premature failure by White Structure Flaking (WSF), often much earlier
than their designed life of 20 to 25 years. The main causes and damage initiation mechanism of this premature
failure are not fully understood despite extensive research and investigation in recent years. In this paper, two
planetary bearings from a failed gearbox of a multi megawatt wind turbine are destructively investigated to
characterise the subsurface microstructural damage and to understand damage initiation mechanism leading to
surface WSF.
The two investigated bearings, one is an upwind single-row cylindrical roller bearing and another is a downwind
double-row cylindrical roller bearing. The samples cut from severely damaged regions of the bearings by WSF are
examined in the axial and circumferential directions of the bearings. Microstructural inspection of non-metallic
inclusions, microstructural alterations in the form of butterfly wings and micro cracks as damage features are
examined by using optical microscope, Scanning Electron Microscope (SEM) and Energy Deceptive X-ray Analysis
(EDAX) techniques. These damage features are characterised to analyse the subsurface damage initiation. To
correlate the subsurface damage features with possible loading conditions experienced by the bearings during their
operation, subsurface stress distributions and variations are determined using Hertzian Contact Theory.
The observed damage features show different types of inclusion related damage in subsurface of the bearing rolling
contact, including inclusion self-cracking, butterfly wings around inclusion, inclusion separated from the matrix, and
cracks extended from inclusion into the matrix. However, the non-metallic inclusions are not the only trigger of
subsurface damage initiation, the micro cracks play an important role in causing WSF by connecting to each other
and forming micro crack networks then to reach the surface of the bearings. The characterisation of the damaged
inclusions supports the hypothesis that the inclusion initiated damage in subsurface may occur when the maximum
shear stress reaches a critical limit and cracking appears along the maximum shear stress plane. It is also found
that the cracks associated with butterfly wings are often not a part of macro cracks network that linked to rolling
contact surface because they disappear after re-grinding the observed surfaces of the samples. Butterfly wings are
more likely to be triggered from a compound type of inclusions when an inclusion has a low aspect ratio. These
inclusions are self-cracked in a direction approximately parallel to the maximum length of the butterfly wing. For an
inclusion separated from the matrix, if the separation appears at the upper side of the inclusion boundary it may be
due to shearing produced from surface traction between the contact surfaces. While if the separation occurs at the
lower side of the inclusion boundary, it is probably due to the effect of maximum unidirectional shear stress. This
research has concluded that the loading levels during the wind turbine operation could be much higher than the
design loading levels therefore the maximum shear stress induced by the overloading condition could be the main
cause of the premature failure by WSF of the investigated bearings.

Parallel session: Acoustic Methods
Modelling acoustic emission during dynamic crack propagation using bond-based peridynamics
I Giannakeas and T Papathanasiou
Brunel University London, UK
Crack initiation and propagation is of outmost importance for many structures and can lead to catastrophic failure.
To increase safety, Structural Health Monitoring (SHM) strategies are commonly utilized. A typical strategy is to use
embedded sensors to monitor the acoustic emissions that are produced during the evolution of initial flaws and the
formation of new ones [1]. The recordings are subsequently correlated to possible crack initiation and propagation
locations.

Bond-based Peridynamics is a nonlocal method developed by Silling [2]. The method is based on partial
integrodifferential equations and is suitable for small scale and stress concentration phenomena. The nonlocal
nature of the method introduces an internal length scale that allows the incorporation of microstructural
characteristics in the analyses [3]. Furthermore, peridynamics is a discrete method and thus enables the efficient
modelling of discontinuities and crack propagation. The aim of the present study is to employ peridynamics in order
to quantify displacement signals in remote, with respect to the propagating crack vicinity, locations.
The methodology adopted is based on solving typical plane stress configurations of propagating cracks using
peridynamics and analyse the frequency content of related acoustic emission events. A bond-based peridynamics
model is developed in Matlab to perform numerical studies on a pre-cracked plate. The plate is loaded till bond
stretches around the crack tip exceed the maximum allowable and the crack propagates. The in-plane displacement
of the particles is recorded at various positions around the crack to extract the pulse created due to crack
propagation. The frequency content of the traveling pulse is then analysed using Fast Fourier Transformation. Cases
of different initial flaw sizes and geometries are considered in an attempt to correlate pulse forms to specific failure
modes. The influence of the peridynamic lattice spacing and the horizon particle interactions is also considered.
[1]
[2]
[3]

C. R. Farrar and K. Worden, Structural health monitoring: a machine learning perspective. John Wiley &
Sons, 2012.
S. A. Silling, “Reformulation of elasticity theory for discontinuities and long-range forces,” J. Mech. Phys.
Solids, vol. 48, no. 1, pp. 175–209, 2000.
F. Bobaru, J. T. Foster, P. H. Geubelle, S. A. Silling, "Handbook of Peridynamic Modeling", 2016.

A vibro-acoustic quality control approach for the elastic properties characterisation of thin orthotropic plates
F Igea and A Cicirello
University of Oxford, UK
Many engineering structures are built by assembly of plates, and in recent years there has been a widespread use
of composite plates to improve structural performance and reduce structural weight. Depending on the
manufacturing process used, orthotropic plates might be affected by variability of the mechanical properties, which
in turn will affect their performance. A fast and simple quality control method for assessing manufacturing variability
would be of great advantage for manufacturers. An agile approach based on the Chladni technique is proposed in
this paper.
The Chladni technique enables a fast visualisation of the different vibrating modes of plates. This technique is based
on spreading fine powder on a plate resting on a flat surface and being supported by small blocks of foams. The flat
surface is equipped with a loudspeaker driven by a sinewave generator, in order to excite the plate with a sinusoidal
acoustic input generating an out-of-plane displacement of the plate. When the frequency of the acoustic input
coincides with one of the plate natural frequencies , the powder moves from the plate’s vibrating areas to the nodal
lines where no movement occurs, forming the so-called Chladni patterns which enable the identification of the
corresponding mode shape. Using this technique, McIntyre and Woodhouse designed a simple procedure to
determine the four elastic constants that characterise the biharmonic equation of a vibrating thin plate, namely:
Young’s moduli in x and y directions, in-plane shear modulus and Poisson’s ratio. An inverse method for obtaining
estimations of these elastic constants based on the combination of numerical and experimental results yielded by a
Chladni setup was presented in previous papers by Woodhouse. Nonetheless, these papers do not study the
possible industrialisation of the procedure for investigating manufacturing variability, neither include a detailed
mathematical derivation of the equations needed for estimating the elastic constants.
In this paper, a detailed derivation of the equations needed for establishing the elastic constants is presented. The
closed-form expressions of two elastic constants are found by approximating the bending modes of the plate with
the bending modes of a free-free beam. The closed-form expressions of the other two constants are obtained by
applying the Rayleigh quotient to the cross mode, and to the X and ring modes of an orthotropic plate. This paper

also presents an improved inverse method for establishing the four elastic constants based on these equations and
the combination of EMA and Chladni setup experiments. The Chladni setup is used to quickly identify the two
bending, cross, X and ring mode shapes and the corresponding approximate resonant frequencies. A more accurate
value of each natural frequency, as well as damping, is then obtained by evaluating a single driving Frequency
Response Function. These natural frequencies are then used in the closed-form expressions to derive the four elastic
constants. The repeatability and reproducibility of the results obtained with the proposed procedure is first
assessed, and the evaluation of the manufacturing variability of an ensemble of “nominally identical” plywood
plates with the proposed approach is then investigated.
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Development of a monitoring system for wind loading of an ancient windmill
J Hale
Newcastle University, UK
Fears had been expressed for the safety of an ancient timber windmill; it was suggested that it might collapse under
wind loading during a storm, either by fracture of one of the structural beams or by dislocation of one of the joints
between beams. The author undertook to develop and install a monitoring system to measure and record the
loading on the structure, and to analyse the results obtained.
The structure of the windmill, of the type known as a “post mill”, is described. This leads to an explanation of the
form of load measurement developed, using conventional strain gauges mounted on large timber beams to form
compressive load cells embedded in the structure. The construction of these load cells and their calibration is
described.
It was found that this arrangement made it possible to measure incremental load with a resolution of 10kN. It is
shown that this is more than adequate to measure the changes in load that would be associated with imminent
collapse.
The problem of calibration is described. The weight of the structure and its distribution are not known with any
certainty, and it is not feasible to apply large known loads of the magnitude that would be required for direct
calibration. An indirect method is described, based on loading the instrumented beams in bending superimposed
on the compressive loading they mainly support.
The monitoring system is briefly described, comprising four “load cells”, wind speed and wind direction indicators
plus time stamp, logged on a PC at a rate of one measurement per second. A measurement session of twelve hours
was initiated whenever high winds were forecast, following which the data was downloaded and transmitted to the
author for analysis.
Brief results are presented for one such event. It is shown that the strongest gusts produced a significant shift of
load within the windmill structure, but that this was very far short of causing instability that would lead to collapse.
Operational vibration shape measurement of piezoceramic disc actuator using digital image correlation
vibrometry with a single reference signal
A Jones, T Buss and M Jabbal
University of Nottingham
This paper describes the enhancement and application of a digital image correlation (DIC) vibrometry method which
avoids the need for high speed cameras. The underlying technique, described earlier by members of the present
team (Warburton et al, Exp. Mech. 56(7) 1219–1230), was used to measure the operational vibration shapes of a

piezoceramic actuator disc for fluid mechanics applications. The disc was prepared with a speckle paint pattern in
the normal manner for DIC using aerosol cans, and was excited with an oscillator at seven resonant frequencies in
the range 347-1940 Hz. Following the method previously reported, pairs of images were captured using the Dantec
Q-400 hardware at a frequency of 0.5 Hz, not synchronised with the excitation signal. A Bowens photographic flash
system was used to provide the high intensity illumination required for capturing images with an electronic shutter
speed of 1/10000 s. The excitation signal was captured as an analogue voltage simultaneously with each image
pair. However, in contrast to the method reported previously, a second analogue signal, previously used as a
reference to resolve the phase position of each captured image, was not captured due to the lack of availability of
the quadrature amplifier used in generating it. The images were processed using the Dantec Istra4D software and
were post-processed largely in accordance with the approach described by Warburton in order to obtain amplitude
and phase maps for each frequency, but instead of using an externally-generated quadrature signal as a reference,
an alternative reference was taken from an average displacement over an area of the specimen. Despite this signal
typically being noisy, and not close to 90 degrees out of phase with the excitation signal, it was found to be useable
for resolving the phase position of each image pair so that the operational vibration shapes could be recovered for
all seven frequencies investigated. Although the raw measured deflected shapes were generally dominated by the
main dishing mode of the actuator, analysis of the image sequences revealed that alternative higher order shapes
such as asymmetric and trefoil shapes occurred in quadrature with these dishing-mode deflections, effectively
forming complex vibration modes. This work demonstrates that, in principle, digital image correlation vibrometry can
be performed using low-frequency DIC apparatus without the need for additional hardware other than the flash
illumination and flash interface. This lack of need for the quadrature amplifier additionally means that it does not
need to have its gain adjusted over the frequency range, further simplifying the experimental procedure. The fluid
flow behaviour of the actuator at different frequencies will also be illustrated.
Computation of a well-conditioned dynamic stiffness matrix for elastic layers
A Peplow
Zayed University, United Arab Emirates
In the context of range-independent solid media, we propose a well--conditioned dynamic stiffness matrix for an
elastic layer sitting over an elastic half-space in plane-strain and asymmetry. This formulation overcomes the wellknown problem of numerical ill-conditioning when solving the system of equations for deep-layered strata. The
methodology involves the exact solutions of transformed ordinary differential equations in the wavenumber domain,
a projection method based on the transformed equations with respect to the depth coordinate. By re-arranging the
transformed equations the solutions remain numerically well-conditioned for all layer depths.
The inverse transforms are achieved with a numerical quadrature method and the results presented include actual
displacement fields in the near-field of the load.
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Flight envelope expansion based on active mitigation of flutter via a V-stack piezoelectric actuator
I Ursu1, D D I Guta1, D Enciu1, G Tecuceanu1 and A A Radu2
1

INCAS Bucharest, Romania and 2Institute of Space Science, Romania

An issue of security in aviation is the instability of the aircraft's flexible control surfaces caused by uncontrolled
vibrations. Flutter is a violent vibration whose amplitude grows strongly in a short time. Once the flutter is reached,
the plane is destabilized and it can no longer be controlled. In this paper it is proposed a specially designed
demonstrator to extend the flight envelope by rising the speed limit at which flutter occurs. Antiflutter demonstrator
is an intelligent airplane wing model made from a longeron covered by an aerodynamic layer. The wing has a

primary flight control surface, an aileron, at one end, and at the other end there is a flange whose role is to fix the
wing in the subsonic tunnel. The actuator consists in two V-shaped piezo stacks. The main advantage of the piezo
actuator, the bandwidth (about 30 Hz), is exploited. The aero-elastic control is efficient if the deflection of the
control surface is a few degrees while the frequency is at least 25-30 Hz. The control law is obtained through the
receptance control method of eigenvalues assignment which is focused on measurements rather than on the
conventional matrix theory.
On the vibration performance assessment of a plate with damaged constrained layer damping patches
B Di Dato, A Cicirello and M Chatzis
University of Oxford, UK
Constrained-Layer Damping (CLD) is a damping treatment used for passively reducing structural vibrations and
noise of lightweight structural components. It consists of a viscoelastic polymer layer sandwiched between a
structural element whose vibration need to be reduced, and a relative stiffer layer. When the out-of-plane vibrations
of the structural element occur, the vibrational energy is dissipated through shear deformations of the viscoelastic
layer. CLD can be applied uniformly to the surface of a structural element or in patches. While the uniform
configuration can have an effect on a broad frequency range, patches can be used to target smaller frequency
bands. The performance of a CLD can be assessed by quantifying the drop in amplitude of the Frequency Response
Function (FRF) and/or by considering the shift in resonant peaks.
Experimental Modal Analysis (EMA), which requires measuring both excitation and response of the structure, is used
to evaluate the FRF. EMA can be performed during maintenance operations or in a laboratory. However, during
operating conditions the excitation cannot be measured. Alternative output-only strategies, e.g. Frequency Domain
Decomposition (FDD), can be implemented to extract information about some of the structural properties of the
system. Obtaining the FRF peak amplitude is however challenging. The purpose of this study is to investigate the
metrics to be used for the vibration performance assessment of a plate with damaged CLD patches in operating
conditions.
An aluminium plate with and without CLD patches is investigated at room temperature (22.5 °C). EMA is used to
determine the effects of the CLD patches on the FRF. The FDD approach is then applied to yield modal damping and
natural frequencies showing a very good agreement with the results yielded by the FRF. Subsequently, the
viscoelastic layer and the aluminium layer of the CLD patches are damaged. In particular, three different damage
configurations are investigated. For each configuration, EMA and FDD are applied, showing again a very good
agreement. Interestingly the results of this experimental campaign shows that: (i) modal damping may not be an
optimal metric to determine the performance of the plate with CLD treatment; (ii) damaging the CLD patches can
produce a bigger peak drop compared to the undamaged CLD; (iii) damaging the CLD patches can induce a larger
shift on the resonant frequency. Therefore, the deterioration of the CLD can actually improve the vibrational
performance of the plate in the desired frequency range. Because of these results, it is suggested to assess the
vibration performance of a plate with damaged constrained layer damping patches by acquiring data with an
accelerometer to monitor the acceleration peak in the time domain, and using FDD (or other output-only strategies)
to assess the frequency content, and therefore monitoring resonance shifts.
A receptance-based inverse structural modification technique for frequency assignment by coupling of subsystems
S-H Tsai1, H Ouyang1 and J-Y Chang2
1

University of Liverpool, UK and 2National Tsing Hua University, Taiwan

In general, structural modification aims to improve or design the modal properties of a structure by modifying its
spatial properties. There are two main approaches to addressing structural modification problems: one is direct

structural modification approach and the other is inverse structural modification approach. Based on recent
publications, it can be concluded that the latter has received more attention from researchers over the former.
Among many inverse structural modification methods, the receptance method has been an active topic of research
owing to the fact that it partially overcomes the modal truncation problem and requires using only a small amount of
measured data. Although the receptance-based inverse structural modification method has been actively studied for
decades, there still exists a number of open problems to be addressed. One of the open problems, which is
considered in this paper, is assignment of the modal properties through the assembly of subsystems. The solution
to this problem can be highly useful in many practical situations since assembled structures are fairly common and
the spatial modification on the components sometimes can be quite limited or impractical.
In this paper a technique that integrates receptance coupling method, structural modification, and optimization is
reported. The technique can be applied to assign natural frequencies of a coupled system composed of several
subsystems in which the spatial properties of one of the joints can be adjusted. The technique is demonstrated by
application to a theoretical example, characterized by a Finite Element model. This model consists of three
subsystems that are connected in series, and it is assumed that the subsystem in the middle, which can be treated
as a joint, is an ideal circular beam whose geometric properties can be modified. The simulation results show that it
is possible to assign multiple natural frequencies to the coupled system when the receptances at only the coupling
DoFs of the subsystems are known; that is to say, in practice experimental modal testing can be carried out first on
the individual components and then the natural frequencies of the assembled structure could be assigned without
building theoretical models of the components or the assembled structure. Since multiple frequencies could be
assigned simultaneously, the technique can be applied to design a frequency range for the coupled structure
without resonances so that the vibration response can be contained under a certain range of excitation frequencies.
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