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Summary

In the recent years, the materials composing the structure of Aircraft, such as
steel and aluminum, are being progressively replaced with lower density materials,
as the Reinforced Plastics. The same trend is found in the Automotive field to
achieve the reduction of fuel consumption and CO; emission. It is known that
polymer composites have outstanding properties of specific modulus and strength
respect to their low density but suffer more than metals from damage generation
and propagation. Furthermore, defects can be included in the material during
manufacturing and work as crack initiators for catastrophic delamination.

The maintenance on composite structure is therefore based on finding the
defects or damages, thanks to several Non-Destructive Techniques (NDT). To
optimize the maintenance on aircrafts, a variety of on-board systems has been
applied for on-line Structural Health Monitoring (SHM). SHM systems based on
piezoelectric transducers earned a particularly high interest for continuous
monitoring on metallic and composite structures. The application of this system in
the automotive sector could enhance passenger safety, through the monitoring of
the vehicle structure health status.

The principle behind the system is the propagation of ultrasonic Lamb waves
inside the material between a couple of piezoelectric patches that act as actuator
and sensor. A difference in the vibrational behavior in time is an indicative of
damage or a defect in the structure. The validation of the SHM system - composed
of sensors, electronic devices and algorithms - is commonly conducted using
sections of the structure or specimens with same materials and simple geometry.

In this Thesis, six mathematical models for evaluating the electrical response
of piezoelectric sensors were implemented, with the aim of selecting the most
effective model for damage identification. Two specific programs have been
created for Off-line and On-line monitoring of the composite structures.

The preliminary tests for the system validation were carried out on three types
of simple specimens of different geometries made of different materials (steel,
aluminum and carbon fiber). The “beam” and “plate” specimens allowed the study
the phenomenon of free propagation of the guided Lamb waves in the frequency
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range 1-100 kHz both in unidirectional and on the plane, evaluating their
interference with superficial and volume damages. The “simulacrum” specimen
was subjected to vibrational test at different loading steps, using 4-point bending
test equipment.

The specimens’ configurations were necessary for the evaluation of the overall
behavior of ultrasonic waves on the structures. The developed methodology was
created to identify any damage generated in the bending loading on an innovative
Automotive component, a carbon fiber leaf spring suspension. The types of damage
and the geometries studied in the Thesis are depicted in Figure 0.1.

. * 2 mm surface damage
* 4 mm through thickness damage

* 3 materials (steel, aluminum, CFRP)
« SHM evaluation

« 3 materials (steel, aluminum, CFRP)
+ SHM evaluation

« 3 materials (steel, aluminum, CFRP)
« SHM evaluation + Bending

* 1 material (CFRP)
TR - SHM evaluation + Bending

Figure 0.1 — Damage types and geometries studied in the Thesis

A correlation study has been carried on the virtual simulation of the vibrations
generated by the piezoelectric transducers for the evaluated geometries, in order to
support the positioning of sensors on the component to be monitored.

The proposed numerical-experimental methodology is an essential foundation
for the monitoring systems based on piezoelectric transducers in the Automotive
sector.
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Chapter 1

State of the Art

The aim of this Chapter is to introduce the topic of the Structural Health
Monitoring (SHM), explaining the reasons of the application in the aircraft industry
and trying to find the potential for implementing in the future automobiles. The
theme of Smart materials and Smart structures is crucial for the development of
sensor networks able to give the users information about the health of components
avoiding the traditional inspection techniques.

The principle of SHM based on piezoelectric transducers (PZT) is the
propagation of ultrasonic waves inside the material between a couple of piezo that
act as actuator and sensor. The generation of a damage or a defect on the structure
in time is therefore related to a difference in the vibration behavior, resulting in the
damage detection and localization if the sensor network is used for triangulation.
Simulation tools can support the understanding of the waves’ propagation and
correlation with the real data.

Piezoelectric elements are customized in geometry and power with respect to
the final application conditions, structure dimension and material. An electronic
system is needed to generate the excitation waves - at the selected frequencies with
a proper reliability - and collect the response signal. The data processing is
fundamental to observe changes in the vibrational behavior and correctly detect the
presence of damage.

The validation of the SHM system composed by sensors, electronic devices and
algorithms is commonly made using sections of the structure or specimens with
same materials and simple geometry. The capacity to detect small damages is tested
introducing artificial imperfections, such as drilled holes, glued masses, induced
delamination. The external variables, as temperature, humidity, static and dynamic
loads, are considered conducting specific experimental tests in order to verify the
sensitivity of the system in Environmental Operating Conditions.



1.1. Smart Materials and SHM for Automotive

In the last decades, the materials used in the engineered structures have
followed the evolution trend represented in Figure 1.1, increasing the functionalities
but also the complexity of the systems [1]. The possibility of designing a material
defining a priori its final properties allowed the construction of composite materials,
that combine the best properties of different materials, for example Carbon Fiber
Reinforced Plastics (CFRP).
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Figure 1.1 — Evolution of the materials with functionalities and complexity [1]

Nowadays in all application fields, the evolution about the materials regards
the integration of several sensors to continuously assess the conditions of the
structure. The so-called Smart Structures can send the users information, that
opportunely manipulated give an objective response of the health status of the
system.

An interesting analogy is the human body, which has in the inside a large
number of sensors. For example, the “mechanoreceptors” present in the human
skin, visible in Figure 1.2, are able to detect pressure, strain, vibrations [2]. Without
those, the human body would not be able to identify the phenomena from the
surrounding and the skin would be only an inert material. Each of the human
receptors work at a specific frequency, similarly to the sensors on a smart structure,
that are able to collect different samples.
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Figure 1.2 — Scheme of the mechanoreceptors in the human skin [2]

The need of knowledge about the health condition of a structure is reasonable,
proportionally to the safety and reliability requirements to be assessed. Some
examples of the first applications of smart structures are civil engineering and
commercial aircrafts [3].

The technical names to describe the verification of the smart structures are
“Structural Health Monitoring (SHM)”, “Condition Monitoring” or “Fault
Detection”. It is possible to explain the reasons of the increasing interest about this
technology observing Figure 1.3 and concern the reduction of operating activity for
programmed maintenance and use of Non-Destructive Techniques (NDT) for flaws
detection and monitoring [3]. The values in the histogram represent the answers of
aircraft industry when inquired about their interest in SHM systems on board.
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Figure 1.3 — Reasons for aircraft industry’s interest in SHM [3]

The first reports about the technological advancements on SHM in aircrafts has
been presented at the Conferences IWSHM (International Workshop on SHM) and
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EWSHM (European Workshop on SHM) founded in 1997 and 2002 respectively.
Successively, in 2004 the Structural Health Monitoring International Journal was
the first specialized journal on this topic. Fu-Kuo Chang, Professor at the Stanford
University and Founder of IWSHM, declared in 2011 that SHM technology enables
the transition from traditional Schedule-Driven Maintenance to Condition-Based
Maintenance [4].

The Maintenance strategies for the structure functionality are depicted in Figure
1.4. The Reactive type - with replacement when a part is damaged - and Preventive
- programming the substitution - are not capable to estimate the real duration of the
component. The sensors application on smart structures permits the Predictive and
Prescriptive Maintenance, using algorithms based on sensor response and Artificial
Intelligence [5].
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Figure 1.4 — Maintenance strategies from the oldest to the innovative perspectives [5]

In the Automotive industry, carmakers are interested in applying an advanced
maintenance strategy to offer diagnostics and predictive prognostics to the car
owners with warnings and health reports. In fact, the first communication system
was “OnStar”, developed in 1996 by General Motors with Motorola Automotive
and applied on Cadillac (DeVille, Seville and Eldorado). The system has acquired
in time functionalities for electronic system checkup, as reported in Figure 1.5 [6].

High speed telematics becomes N1 #
Digital Network Access Device g
Vehicle Health Report and Turn by Turn navigation [ Talat
thanks to Network Access Device - e
!

Remote Diagnostics

Telematics systems enabled remote
diagnastics for the first time

Safety
Early on, functions such as the
e-call made driving safer

Figure 1.5 — Evolution of the on-board system “OnStar” [6]

Although the SHM presents itself as mature and widespread in many sectors,
the structural applications related to the automotive field are not. The presence of
SHM is still timid and limited to niche and very specific cases, not reaching the
market in relevant levels. This is clearly mirrored to the availability of patents and
IP protection related to this field. The general analysis of the IP scenario related to
the keyword “Structural Health Monitoring” is presented in Figure 1.6. The
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geographical distribution of the applications, as usual, has a big concentration in
terms of number of patents in China, followed by the US and other developed
countries such as Korea, UK, Japan and Germany.

Another relevant analysis can be performed in terms of relevance of the
keyword in the last couple of decades. The number of new patents filled a year from
2001 to 2019 has a growing trend, correlated with the relevance of the field.

o ~'

1 183
[N I

Figure 1.6 — Geographical distribution of deposited patents, keyword " Structural Health monitoring"

Within the most relevant patent applicants of the last 20 years are present some
Chinese Universities, the American companies Boeing Co. and Acellent
Technologies Inc. and the Brazilian Embraer S.A., this indicates a good balance
between industry and academia product development.

The materials applied on the aircrafts are mainly the traditional metals, steel,
aluminum, but in recent years they are progressively replaced with lower density
materials, as the Reinforced Plastics. The same trend has highlighted in the
Automotive field to assess the reduction of fuel consumption and CO; emission. It
is known that the polymer composites have outstanding properties of specific
modulus and strength respect to the low density but suffer more than metals from
damage generation and propagation. Furthermore, during the manufacturing some
defects can be included in the material and work as crack initiator for catastrophic
delamination. The maintenance on composite structure is therefore based on finding
the defects or damages, thanks to several techniques with different fields of
application.

Table 1.1 presents the most important methods for detecting the Structural
Health, with a particular attention to the SHM potential application [7].



Portable
Surface mountable
Sensitive to small damage

Very complex results
Specialized software
Safety hazard
Conductive material only

Acoustic emission

Inexpensive equipment
Inexpensive to implement
Surface mountable
Portable

Quick scan of large area
Sensitive to small events

Method Strengths Limitations SHM Potential
Visual Inexpensive equipment Only surface damage Currently none
Inexpensive to implement Only large damage
No data analysis Human interpretation
Portable Can be time consuming
Simple procedure
X-radjogmphy Penetrates surface Expensive equipment Currently none
Small defects with penetrant | Expensive to implement
No data analysis Human interpretation
Permanent record of results | Can be time consuming
Simple procedure Require access to both sides
Safety hazard
Strain Gauee Portable Expensive equipment Lightweight
- Embeddable Expensive to implement Conformable
Surface mountable Data analysis required Can be deposited
Simple procedure Localized results Very low power draw
Low data rates Results for small area
Optica] fibers Inexpensive equipment Expensive to implement Lightweight
Embeddable Data analysis required Large area coverage
Quick scan of large area High data rates Must be embedded
Accuracy in question Requires laser
Ultrasonic Inexpensive 1o implement Very expensive equipment Currently none
Portable Complex results
Sensitive to small damage Specialized software
Quick scan of large area High data rates
Couplant required
Require access to both sides
Eddy current Inexpensive to implement Expensive equipment Lightweight

Conformable

Can be deposited
Very high power draw
Results for small area

Very complex results
Very high data rates
Specialized software

Lightweight
Conformable

Can be deposited

No power required
Results for large area
Triangulation capable

Inexpensive to implement
Surface mountable
Portable

Sensitive to small damage
Quick scan of linear space

Very high data rates
Specialized software

Modal ana[ysis Inexpensive equipment Complex results Lightweight
Inexpensive to implement High data rates Conformable
Surface mountable Specialized software Can be deposited
Portable Results are global Multpurpose sensors
Simple procedure Low power required
Quick scan of large arca Results for small arca
Lamb waves Inexpensive equipment Very complex results Lightweight

Conformable

Can be deposited
Medium power draw
Linear scan results
Triangulation possible

Table 1.1 — Comparison of strengths, limitations and SHM potential for different sensing systems [7]

Since not all techniques are applicable on a structure for continuous monitoring
and some of them are not suitable for composite materials, the best candidates for
lightweight, conformability and large area covered are Optical Fibers, Acoustic
Emission and Lamb Waves [7]. The Lamb Waves method is based on piezoelectric
transducers that work as actuators and sensors in the acousto-ultrasonic regime.
They give the possibility to monitor the condition of specific areas of the structure,
positioning the transducers only on the most safety-critical positions [8]. The
principle of this technique is the focus of this research work and it is explained in

the next section.

1.2. Guided waves

The SHM based on guided waves takes advantage of the propagation behavior
of particular waves inside the materials. While the traditional Ultrasonic Non-
Destructive Testing study the bulk section of the structure, the Guided waves are
able to inspect large area thanks to surface propagation [9]. Within the several types
of Guided waves, the most common are Lamb waves, that propagates on the surface
of thin plates and shells in the frequency range 10+500 kHz. The piezoelectric
transducers, due to the possibility to act as actuators and sensors, are used to excite
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the structure at this frequency regime and measure the vibrational response of the
structure. The presence of a defect or a damage is found comparing the final
response with the initial baseline of the electrical signal measured by the sensors,
repeating the same excitation signal from the actuator piezo.

The excitation of structure results in the propagation of waves with different
behavior. The longitudinal and transversal modes shown in Figure 1.7 are both
present and the second one is normally more intense. The transversal mode, with
particle motion perpendicular to the plane, can have symmetric modes (S) or anti-
symmetric modes (A) respect to the section midplane [10].

particle
motion

0 W q) W
Figure 1.7 — Scheme of the particle motion for a) longitudinal and b) transversal modes, the transversal
waves can behave as ¢) symmetric modes (S) or d) anti-symmetric modes [10]

Basically, the stimulation of the structure, called interrogation, is produced by
an electrical excitation of the piezo actuator. The technique is called “pulse-echo”
if the response signal is read by the same piezo, or “pitch-catch” if it is used a second
piezo, as represented in Figure 1.8 [11]. The first requires a more accurate
processing and cannot cover large areas of structures, while the second is widely
use due to the possibility to connect the piezo elements in networks.

Excitation/sensing

-] 1

A N 4
-'\/UU\N )
) Damage
a
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> [

1l
[PZT ]
b) Damage

Figure 1.8 — Configurations of piezoelectric patches in a) “pulse-echo” and b) “pitch-catch” [11]

The common signal for SHM applications is a 5 sines burst with a Hanning
modulation, with the shape shown in Figure 1.9 a) at the central frequency of Figure
1.9b) [12]. An example of the response signal is represented in Figure 1.9 ¢), where
the transversal symmetric and anti-symmetric modes have been sensed at the same
frequency of input signal but at different times [13].
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Figure 1.9 — a) Signal Shape and b) central frequency of burst for SHM [12], ¢) normalized input and
output signals with SO0 and A0 group waves [13]
The typical modes of Lamb waves can be distinguished in the output signal of
a piezo sensor with different group and phase velocities respect to the frequency of
the input signal [9]. Their amplitudes change with material type, as the example of
Figure 1.10 for Aluminum and CFRP, where the A0 mode is more present at lower
frequencies [13].

Relative Amplitude
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Figure 1.10 — Experimental measures of the Amplitude of A0 and S0 Lamb modes for a) 1,6 mm
Aluminum plate and b) 2 mm CFRP plate [13]

The dynamic behavior of piezo actuator and structure can be measure with
extremely precision with the scanning laser vibrometer [14,15]. In Figure 1.11 are
reported the principle of the technique and the analysis of the surface motion of a
piezoelectric disc at different excitation frequencies. The propagation of S and A
Lamb wave modes can be studied on different composite stacking sequences, as
visible in Figure 1.12. For the balanced quasi-isotropic composites the propagation
is circular, while for orthotropic composites there is a preferred direction along the
fibers.
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Figure 1.11 — a) Principle of the Scanning Laser Vibrometer, b) measures of piezo actuator disc at
different frequencies [14]
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Figure 1.12 — Scanning Laser Vibrometer measures of measures of quasi-isotropic (left) and
orthotropic (right) CFRP laminates [14]

Since a laser vibrometer analysis is not common, the structure vibration at the
regime of Lamb waves is also studied using simulation tools, in order to understand
better the results of the pitch-catch testing with piezoelectric elements. Theoretical
formulations are able to numerically simulate the possible wave modes generated
on a specific structure [16] and some commercial tools allow to represent the
piezoelectric elements with different methodologies.

Boffa [17] simulated the waves propagation on a carbon fiber structure using
LS-DYNA to evaluate the waves interaction with the stiffener. As shown in Figure
1.13, the piezo actuator has been modelled applying in plane orthogonal forces to 8
nodes along a circle of 10 mm diameter and the response signal is virtually
measured with nodal displacement sampling.



a) b) ¢)
Figure 1.13 — LS-DYNA models of a) piezo actuator, b) piezo sensor, c) stiffened CFRP structure [17]
This simplified method based on a mechanical approximation has been also
used on ABAQUS to represent the interaction of the separated A0 and SO modes
with a virtual defect on a plate, as visible in Figure 1.14 [18].

Figure 1.14 — ABAQUS model of a plate with :1) Lefect: a) A0 and b) SO modes responses [18]

Recently, material cards specific for piezoelectric simulation have been
introduced on ABAQUS, able to reproduce the electro-mechanical coupling with
the structure and the electrical potential load for piezo actuators [19]. These
functions allow to model the system more in detail, as seen in Figure 1.15, with the
benefits of good fitting with the experimental signals, but increasing the
computational time.
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Figure 1.15 — a) ABAQUS model for the piezoelectric simulation and b) fitting of the experimental and
virtual signals [19]

1.3. SHM System Components

The Guided wave method require a reliable apparatus both to generate Lamb
waves and to collect response signals using piezoelectric sensors. Some commercial
products are available for SHM on rotorcraft structures, developed by the American
company Acellent, as can be seen in Figure 1.16 [20]. Thanks to the relative
simplicity of the system and the relevant interest at the academic level, it is possible
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to find in literature a huge quantity of reference about laboratory prototypes, cited
below in the text.

This section describes the actual scenario of system setup, with detail on the
sub-components and system validation.

@ Acellent a /

Figure 1.16 — Acellent solutions for SHM on rotorcrafts [20]

1.3.1. Piezoelectric Transducers

The Piezoelectric elements are the core of the system for generating and sensing
the Lamb waves on structure. The piezo actuators and sensors are based
respectively on the inverse and direct piezoelectric effects, schematized in

Figure 1.17 [21].

" Input: Strain > E | Output: signal >
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I " e.g. Voltage == / -
b)

Figure 1.17 — Schemes of principle for a) direct and b) inverse piezoelectric effects [21]

For SHM application, the most common format of the piezoelectric transducers
is the disc shape [22], although some rectangular formats are also known [23]. The
Figure 1.18 a) and b) report piezoelectric discs with diameter of about 10 mm and
thickness of 0,2 mm, that need to be manually soldered on the faces for working.
To avoid this critical phase, some commercial solutions are available, called
DuraAct™ [24,17] and SMART Layer™ [25-27].

The DuraAct™ are commercialized by Phisik Instrumente (PI) as piezoelectric
elements covered with Kapton film, applied on the surface of structures to monitor
(Figure 1.18 c¢)). The polymer coating simultaneously serves as a mechanical
preload as well as an electrical insulation, which makes the DuraAct bendable
[28,29].
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The SMART Layer™, called also diagnostic film, has been designed by
Stanford University to be embedded in composite panels during manufacturing and
easily introduce the piezoelectric elements inside complex structures. They consist
in extended layers of EPDM film with custom shape that integrate piezo transducers
and flexible printed circuit. Two examples are depicted in Figure 1.19.

b)

Figure 1.18 — Piezoelectric discs for SHM application: a) soldering technique and available formats
[22], b) electrical connection with cables and printed circuit [25], ¢) network of DuraAct™ [24]

Stanford Multi- Actuator Receiver Transduction Layer
(SMART _Layer)

o FLEXIBLE PRINTED CIRCUIT TECHNIQUE

b)
Figure 1.19 — SMART Layer™ a) embedded in composite panel [26], b) glued on surface [24]

1.3.2. Network Disposition

The disposition of piezoelectric actuators and sensors on the structure is a
critical issue. There is not a preferred network shape, each operator applies in a
different method according to the scope and the available number of piezo elements.

Regarding the actuators, generally one piezo at time is used, but in particular
cases with high attenuation of the structure, two piezo are glued closely and excited
in phase to amplify the waves [30]. The other piezo are used in the sensor
configuration for a series of measurements and then changed the actuation-sensor
pair using a switching device. In case of large plates, the geometrical disposition of
piezo can be square, circular or hexagonal, as reported in Figure 1.20 [17,31-33].
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b) R c) \

a) !
Figure 1.20 — Disposition of piezo network: a) square [17], b) circular [17], ¢) hexagonal [31]

These configurations are suitable for the investigation of the propagation
behavior of Lamb waves on the structure in different directions, especially for
composite materials. The interaction with an artificial damage is analyzed, when
the damage is introduced in the center of piezoelectric network as a notch [18] or a
growing fatigue crack [34], as the configurations reported in Figure 1.21.

20mi
60.09 rri 2 9
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30.0° 3
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'." 8 ; 150mm

. . " arificial crack 7' o ¥ tomm
}“ (0.2mm wide cut) 10
Notch . .n B0mimy
T

2DI'I'I'IE
»

a) ‘, 500. b) 8

Figure 1.21 - Disposition of piezo network in case of a) notch [18] and b) fatigue crack [34]

In case of complex structures to monitor, a representative section is studied at
the laboratory scale. An example is the stiffened plate widely applied in aircrafts,
where the piezoelectric transducers are positioned in several ways, as shown in
Figure 1.22. The zone around the stiffener has to be monitored because of the
possible crack initiation, due to welding [35], layer co-lamination [8,36-39] or
riveting [40].

B ‘
!
2) b) '

Figure 1.22 — Disposition of piezo network in case of stiffener: a) glued [36], b) co-laminated [37], ¢)
welded [35]

The validation of monitoring systems passes through prototypes near to
application scale, as shown in Figure 1.23 for a part of aircraft wing [17].
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‘ b)
Figure 1.23 — Disposition of piezo network on a) relevant panel of aircraft wing, b) detail [17]

1.3.3. Laboratory Equipment

The essential instrumentation to develop a SHM system with piezoelectric
transducers is composed by a voltage generator for the actuators and a digital
oscilloscope for the sensors, as shown in Figure 1.24. The ultrasonic Lamb waves
are produced with a 5 cycles Hanning tone-burst with central frequency in the range
10+500 kHz [41].

The sensor response needs a proper sampling rate to be collected without loss
of signal. Generally, a sample rate of 2 MSamples/s is used [17], in case of
particular investigations it can arrive at 72 MS/s [19]. For each configuration of
piezo actuator and sensor a series of identical measures is conducted for statistical
processing, in some cases up to 100 repetitions [38]. If the signal has a low
amplitude its conditioning requires an external high-voltage commercial amplifier
[16,18] or customized amplifier, as reported in Figure 1.25 [23]. The quality of the
signal depends on the cabling technique, it is preferred the use of 1 to 3 meter
shielded coaxial cables [17].

Actually, the measurement is made using digital oscilloscopes that store the
results or pass them to PC, as Agilent [16-18,38], Tektronix [13,39,42], MATEC
[40] or Quazar [19]. The series of products developed by National Instruments offer
the possibility to control the device from PC, as for CompactDAQ [23] and
Multifuction Data Acquisition (DAQ) [17], or using an integrated FPGA controller,
as for NI-PXIe [24,31]. The Acellent SMART Suitcase [25] and ScanGenie [35]
are commercial products able to produce the burst specific for SHM and acquire
data in the range of Lamb waves with a proper sampling rate.
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Figure 1.24 — System components for laboratory tests: a) scheme [41] and b) real setup [13]

Figure 1.25 — Customized piezo amplifier for special SHM applications [23]

1.3.4. Specimens Characteristics

The materials more commonly investigated for SHM trials are steel [38],
aluminum [18,19,34,39] and composite materials, more based on Carbon Fiber
[16,17,24,31,33,37,41-44] than Glass Fiber [13] both in unidirectional and balanced
stacking sequence. The sandwich structures are less studied [23] because of the
difficulty of propagation of Lamb waves inside the different materials. The typical
dimensions of the plate specimens are 300x300x4 mm or in larger size of
1000x400x5 mm.

The adhesive used to apply the piezoelectric elements on the host structure must
resist to shear stress resulting from normal strain of the structure and vibration of
the piezo actuator, as seen in Figure 1.26 [11]. The most common adhesive is an
epoxy resin, that is preferred over a thermo-bonded glue for the higher efficiency
in the electro-mechanical coupling [45].
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Figure 1.26 — Adhesive used for piezo: a) scheme of shear stress [11], b) efficiency of joining [45]

The partial debonding of the adhesive in the application of a piezoelectric disc
has been studied [32] and the results are reported in Figure 1.27. The sensor
response signal is strongly influenced both from the sensor debonding and the
actuator debonding, therefore particular attention to this phase must be payed.
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a) b) Debonding area of peripheral actuator

Figure 1.27 — SHM response in case of piezo debonding: a) test setup and b) results [32]

Depending on the material type, specimens are subjected to several artificial
damages in order to reproduce the real phenomenon of structural degradation. In
composite materials a delamination is usually introduced using a Teflon film of 50
pum thickness during manufacturing [43]. For durability analysis a specimen with a
0.2 mm wide notch cut is stressed to monitor the crack propagation [34]. The drilled
holes are commonly executed into the panels for easiness and repeatability [31].
Some research works compare different types of damage, as Neodymium magnets
with delamination [37] and damages with cavities and glued-on mass, as shown in
Figure 1.28 [13]. The added mass can be a metal cylinder [13,46] or a fire clay to
simulate a high-damping zone [44].
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Figure 1.28 — Types of simulated damage: a) impact damage, b) glued-on mass, c) hole cavity [13]

The already mentioned rivets are fundamental for the integrity of a metallic

structure. In Figure 1.29 is reported the progressive damage introduced on the rivet
hole for detection and monitoring [40].

a) d b) o ’ b
Figure 1.29 — Damage artificially introduced on a rivet hole [40]

The quasi-static crush [13] and the low velocity impact [30,17], reported in
Figure 1.30 and Figure 1.31 for composite material laminates, are the laboratory
tests that best replicate the damages on large panels. The indentation and

consequent delamination are observed during the maintenance stages using

Ultrasonic C-Scan devices, that is able to quantify the damage size but not to assess
a continuous monitoring.
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Figure 1.30 — Damage on composite panels: a) quasi-static crush [13], b) cumulative impacts [30]
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Figure 1.31 — Impact on CFRP panels: a) drop-dart tower, b) S-scan and c) C-scan ultrasonic tests [17]

1.3.5. Environmental Operating Conditions

The monitored structure in real application can be subjected to dynamic
conditions that differ from the laboratory conditions. The main variations are
operational and environmental conditions, respectively the structural loading and
temperature/humidity [8,9,38]. The SHM may detect false positives related to
ambient variable change instead of real damage. The laboratory specimen has,
therefore, to reproduce the external conditions to analyze the response of the SHM
system in the Environmental Operating Conditions (EOCs). In the following, are
reported some experimental results from specific conditioning.

A CFRP plate exposed to hot/wet conditions (70°C, 85% humidity) for 2 month
shows a reduction on peak amplitude both for A0 and SO Lamb wave modes, as
seen in Figure 1.32 [41].

A, Responses S, Responses

Sensor Response [mV/V]
Sensor Response [mV/V]

" 400 60 4
a) Frequency [kHz2] 400 60 Tima [d) b) Frequency [kHz] Time ()

Figure 1.32 — Peak amplitude reduction during conditioning for a) A0 and b) SO Lamb modes [41]

The variation of temperature with the cyclic profile of Figure 1.33 is called
thermal fatigue and promotes the moisture absorption in the CFRP laminates with
a coupled effect of influence on the wave propagation velocity [47].
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Figure 1.33 — Thermal fatigue: a) cycle description and b) effect on the wave velocity [47]

The structures in operative conditions are subjected to external vibrations,
therefore the SHM system based on ultrasonic waves can be affected. In the Figure
1.34 it is shown the influence of a continuous low frequency excitation produced
by a shaker on an aluminum plate, in terms of offset and trend changes of the
response signal [48].
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Figure 1.34 — Effect of low-frequency disturbs on SHM response: a) shaker setup, b) signal result [48]

The influence of uniaxial loads on an aluminum plate at different loading steps
is reported in Figure 1.35 in terms of signal scatter from the baseline condition [46].
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Figure 1.35 — Effect of uniaxial loads on the piezoelectric response signal for an aluminum plate [46]

In Figure 1.36 it is shown how the temperature affects the propagation of anti-
symmetric and symmetric Lamb wave modes, changing both the group velocity and
the amplitude [12].
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Figure 1.36 — Effect of different temperatures: a) group velocity, b) response signal amplitude [12]

For external reasons, a time delay of the response signal can happen. In Figure
1.37 is schematized the influence of imperfect synchronization on the signal scatter
between the test response and the initial baseline [49]. The scatter due to damage
presence can reduce, while the scatter of intense peaks leads to false positives with

high amplitude.
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Figure 1.37 —2) Synchronous signals, b) correct sc(;)tter, ¢) asynchronous signals, d) false scatter [49]

The black lines in Figure 1.38 represent a series of 8 acquired signals with the
typical behavior of piezoelectric sensors [24]. The information of dynamic response
due to the excitation burst is added on a drifting baseline. Furthermore, the offset at
time zero is not null and can vary from negative to positive values in the entire input
range. If the signal offset is over the range, as the red line, the measurement is
considered not valid. The signal drift is caused by several factors, for example the
presence of parasite interferences with lower frequency and higher amplitude, like
the power supply of the electronic device or the actuator cable proximity to the
sensor cable. The drift can be digitally corrected, offsetting the signal to zero and
removing the baseline oscillation, resulting in the green line.
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Figure 1.38 — Typical signals of piezoelectric sensors [24]
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1.3.6. Data Processing

The aim of data processing in SHM systems is the conversion of complex
signals to a simple quantitative variable, that allows the users to understand the
health condition of the structure [9]. The system setup and the methodology for
damage detection assessed in the training phase on specimens in laboratory have to
be validated in the testing phase on the real structure in unknown state, as proposed
in Figure 1.39 [37]. In the training phase a specimen is artificially damaged,
building a specific data processing technique to calibrate the system and calculate
a “Damage Index” (DI) value incremental with damage size. The information of
damaged structure is computed after an accurate selection of the decision threshold,
that is a DI value obtained statistically to avoid false alarms and noise interaction
[50]. The DI formulation and the value of decision threshold are matter of study.

Healthy structure

data
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decision threshold
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a) b) iscontinuity size (arbitrary units)

Figure 1.39 — a) Decision methodology for data processing [37], b) schematic definition of decision
threshold value [50]

Furthermore, the location of damages on the structure can be obtained from
triangulation techniques based on the different piezo couples’ positions and the
calculated Damage Index.

The presence of damages or changes in the structure can be detected also
observing the response signal of the piezoelectric sensor. Since SHM data are very
complex, the visualization proposed by Stanford University is widely used
[30,34,51,52]. The methodology for data processing is described in the Figure 1.40.
The Voltage-Time signal is acquired, then the envelope of the group waves is
applied. The envelope line obtained at the specific frequency is then plot on the
entire frequency range, using a Time-Frequency-Amplitude spectrogram.

The scattering of each point on the spectrogram is used to observe variations
between two measurements executed at different time or health conditions, as
reported in Figure 1.41. The final curve is not containing information about the
entity or location of the damage, but it is useful to evaluate the ranges of frequency
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more sensitive to damage presence and consequently reduce the number of
experimental tests.
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Figure 1.40 — a) Original signal, b) normalized envelope of the signal, c) positive envelope, d) time-
frequency plot [52]
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Figure 1.41 — Spectrogram visualization: a) actuator signal, b) sensor signal in damaged condition, c)
scatter of damaged respect to undamaged condition [51]

The simplest Algorithm that analyzes the response signal is based on Time of
Flight (ToF), also called Time of Arrival (ToA) [17,34,53-56]. This time value is
calculated between the envelop peaks of group waves sent from the actuator and
received from sensor, as represented in Figure 1.42. The variation of the ToF value
in test configuration respect to the baseline acquisition is evaluated for damage
detection.

L Time of Flight (TOF)
1

Normalized Ampl.

Time (sec) x 10 5
Figure 1.42 — Time of Flight calculation from actuator (red) and sensor signal (blue) [53]

In Table 1.2 a list of complex Algorithms based on the cross-correlation
analysis, Fourier Transform and signal difference is reported [37]. They are the
most used Damage Index formulations converted in MatLab language for easy
implementation on the processing software.
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Dl name | Comments Definition
MATLAB based implementation of
CCA the maximum of the correlation 1 — max(xeorr[x;; (), (0)])
MATLAB based implementation of
cco the zero-lag correlation 1 - xeorr[xy;(6), y; ()] (0)
MATLAB-based implementation
CRC of the correlation coefficient 1 — corrcoef f[xy(©), v (8)]
T
2
NRE Normalized residual energy j (x,-,-(t) - y.-;-(t)) dt
0
Maximum amplitude of the
MA () = i
difference maxx;;(£) - y(£)]
FFT FFT of the difference signal at f; max|x;; (t) — y;; (t)]
Maximum envelope of the
ENV " —_
difference max[ENV (xiy(8) - ;5 (0)]

Table 1.2 — List of the most used Damage Index formulations converted in MatLab language [37]

The CCA Damage Index is the basic formulation of the RAPID Algorithm
(Reconstruction Algorithm for Probabilistic Inspection of Defects) for localization
of damages on the structure [31,40,57]. The DI value for RAPID is calculated in
terms of Signal Difference Coefficient (SDC), as described in Equation (1). The
Equation (2) explains the formulation of the cross-correlation coefficient, deriving
from covariance and standard deviation of the test signal D respect to the baseline

signal B.
SDCU =1 _pijl l,] = 1, ., N, i -'/:] (1)
o COU(Bij,Dij)
Pij = o (Bij)o(Dij) @)
where:

e SDC is the Damage Index value of the piezo couple ij,

e i, are the indices corresponding to the piezo actuator and sensor,
e pis the cross-correlation coefficient,

e Cov is the covariance function,

e B, D are the Baseline signal and Test signal.

The decision threshold (tSDC) of Damage Index based on the SDC value is
calculated after a series of experimental tests with undamaged and damaged
specimens. The decision about the structural health is made comparing the
processed SDC with the threshold, as in Equation (3). The triangulation for damage
localization assigns an elliptical area to each piezo couple of actuator and sensor,
that cumulatively superposes the final SDC after comparison with the decision
threshold. The result is the Damage map in Figure 1.43.

0 if SDC;j < tspc

SDey; = {spci,- if SDCij = tspc v
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Figure 1.43 — Localization algorithms based on a) cross-correlation (RAPID) [40] and b) ToF [53]

Recently has been developed the Time Reversal Method (TRM) that aims to
avoid false alarms based on environmental and operating conditions changes
[9,19,44]. This procedure is quite interesting because it does not require a baseline
signal for damage detection. It is based on the time reversibility of Lamb waves on
the materials, represented in the Figure 1.44. The principle is that on healthy
structures the burst signal sent in forward direction from piezo actuator to piezo
sensor is aligned with the time reversed signal sent in backward direction. The
change in the received time reversed wave is brought by the presence of damages.
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Figure 1.44 — Scheme of principle for the Time Reversal Method [44]
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Chapter 2

Case study definition

Considering the schema of Figure 2.1, the main goals of this thesis are:

Sector change — effective applicability for automotive applications from
aerospace industry

Materials investigation — SHM adaptation on different materials used in
automotive

Application component — methodology applied to an automotive component
case (suspension system) starting from properly designed specimens

Influence of loading conditions — evaluation in both free and bending
configurations

Damage Index selection — Processing algorithm definition for damage
detection

Indication for Sensor Positioning via Simulation — Virtual methodology to
design a-priori the Sensor Network

Leaf-Spring
Suspension in CFRP

Figure 2.1 — Scheme of the main goals of the thesis
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2.1. Aim of the thesis

The methodology defined in this thesis to assess SHM has been applied to an
automotive component prototype, a CFRP leaf spring developed by the IEHV
research group of Politecnico di Torino [58]. It is a technology demonstrator of a
suspension system that integrates functionalities of spring, anti-roll bar and
lower/longitudinal control arm, as described in Figure 2.2. It is integrally made of
carbon fiber epoxy composite, with layers stacking sequence properly designed to
replace the traditional automotive suspension system. In Figure 2.3 are reported the
overall dimensions of the prototype, with the vehicle interfaces.

SPRING

ANTI-ROLL BAR

LOWER &
LONGITUDINAL
ARM

Figure 2.3 — Component dimensions and points of interface with vehicle [58]

The Leaf Spring is made of Carbon Fiber reinforcing Epoxy Resin. The
commercial name of the material is GG245T and it consists of prepreg balanced
woven layers (245 g/m?) with the same thickness (0,25 mm). The production of the
component passes through the obtaining of the resin mold, the cut of prepreg plies,
the manual overlap of plies into the mold, the closure in a vacuum bag, the thermal
cure under pressure and the refinement.

The final component is designed with a specific shape and a precise stacking
sequence, that takes into account the mechanical performance of the structure and
the surface skin for the aesthetic refinement. The Stacking Sequence of the Leaf
Spring is composed by 55 layers, stacked as reported in Table 2.1.
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[mm] [°1 [mm] [°]

1 0.25 0

2 0.25 0 50 0.25 0

3 0.25 45 51 0.25 45
4 0.25 0 52 0.25 0

5 0.25 45 53 0.25 45
6 0.25 0 54 0.25 0

55 0.25 0
Table 2.1 — Stacking Sequence of the Leaf Spring

2.2. Experimental Methodology

Focusing on the goal of this research work, the Leaf Spring has the role of safety
component in the suspension system of the vehicle. The integrity of this structure
is a priority and a proper methodology to monitor constantly the health status has
to be developed and adapted to its particular shape and advanced material.

As found in the Chapter 1, the SHM systems based on piezoelectric transducers
are good candidates to meet this requirement. The actual applications in aerospace
industry with much different loading conditions constricts to a completely new
validation of the SHM system for an automotive component as the leaf spring
passing through simple case studies, in order to understand better the phenomena.

The proposed methodology is based on testing the specimens described in
Table 2.2 made of three materials: carbon fiber composite, aluminum, steel. The
different geometries, number of piezoelectric transducers used, combination of test
configurations and loading cases are considered with customized specimens
increasing in complexity to reach the wider knowledge of the system response for
the final tests on Leaf Spring component. As explained in the following Chapters,
the SHM methodology bases on the verification of some Damage Index algorithms

for damage detection on the described specimens and leaf spring component.

. Dimension . Test
M 1 .P
ateria Geometry (mm] N. Piezo Conditions
. Composite Appended
S .
B]]);i;[nen Aluminum Rectangular 300 x 12 2 Clamped
Steel On Table
Specimen Composite
PLATE Aluminum Square 250 x 250 4 On Table
Steel
Specimen Composite Bending
Alumi Rect 1 2
SIMULACRUM uminum ectangular 50x 70 3 Step 0-1-2
Steel
Component . Rectangular Bending
t 1000 x 150 6
LEAF-SPRING  Composite curved * Step 0-1-2-3-4

Table 2.2 — Case studies for this research work
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2.2.1. Beam specimen

The beams realized in three materials allow the propagation of the wave in a
thin and narrow plate, where the guided waves are constrained to move from the
source in the longitudinal direction.

It is possible that the waves reflect at the edges coming backward. For this
reason, the piezoelectric actuator and sensors positioning is important in order to
correctly evaluate the signal acquired in time.

The artificial damage is placed in the center between actuator and sensor, as
represented in Figure 2.4. The configurations tested are presented in Figure 2.5:
appended to test the specimen in free mode and clamped at one edge to reduce the
free path of the waves.

PZT1 Damage PZT 2

a) b)
Figure 2.4 — a) Scheme of beam specimen, b) Beam specimens made of three materials

A S

a) b)
Figure 2.5 — Test configurations for the Beam specimen: a) Appended, b) Clamped

2.2.2. Plate specimen

The plate has been designed to be square, planar and thicker than the beam. As
presented in Figure 2.6, the tested configuration for three materials is only
positioned on the table to avoid issues of appending or clamping. The Figure 2.7
illustrates that four piezoelectric patches are placed in the middle of each side
forming a symmetrical network. The artificial damage is placed in the quadrant of
PZT 1 and PZT 2 on the diagonal.

The reasons for these choices are the following: Firstly, the plate is the
validation of the SHM results on beam; Secondly, the variation in thickness induces
a variation in fraction of symmetrical and anti-symmetrical lamb wave modes to be
evaluated; Lastly, the damage and all the configurations can be evaluated in
symmetry thanks to the piezoelectric patches on the sides.
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a) b)
Figure 2.7 — a) Scheme of plate specimen, b) Real plate specimens made of three materials

2.2.3. Simulacrum specimen

The simulacrum is the required specimen to pass from a non-stressed specimen
to the leaf spring component, that is designed to be continuously under bending
load. Because the leaf spring works in elastic condition, also the simulacrum
specimens in all the materials have been tested in the elastic bending zone.
Furthermore, the bending of a plate is the preferred loading configuration for the
validation of prototypal systems, as crack monitoring with piezoelectric elements
[59] and optical fibers comparisons with strain gauges [43]. For the present
specimens, the range of load is defined using two longitudinal strain gauges on the
bottom face, one is placed in the center and one under the support. The evaluation
of SHM system is made both in the unloaded and loaded static conditions, with the
fixture reported in Figure 2.8.

As presented in Figure 2.9, the piezoelectric actuator is placed in the center of
the top face, the 1% sensor is on the same face but over the upper support, in order
to study the attenuation under loading. The 2™ sensor is mounted on the bottom
face exactly under the actuator, to evaluate the waves propagation in the thickness.

Figure 2.8 — Test cohﬁgufation for the Simulacrum specimen: bending load
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a) b)
Figure 2.9 — a) Scheme of simulacrum specimen, b) Real simulacrum specimens made of three
materials

2.2.4. Leaf Spring Component

The Leaf Spring is tested in bending loading configuration (Figure 2.10). As
for the simulacrum, the loading range is evaluated using one strain gauge
longitudinal in the center position on each face, as showed in Figure 2.11.

The piezoelectric patches are placed in a network similar to the simulacrum, as
designed in Figure 2.12 and realized in Figure 2.13 and Figure 2.14. The actuator
(PZT 1) is on the top center and the sensors are installed only to one half of the leaf
spring thanks to the symmetry. The distance of the actuator to the 1% sensor (PZT
2) is half of the distance to the 2" sensor (PZT 3), to evaluate the attenuation of
waves doubling the path. The 3™ sensor (PZT 4) is away from the center of leaf
spring over the bending support. The 4™ sensor (PZT 5) is at 45° crossing the
composite woven to understand the matrix attenuation influence. The 5™ sensor
(PZT 6) is placed on the bottom face exactly under the actuator.

Figure 2.10 — Test configuration for the Leaf Sprihg component: Bending load
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Middle View

a) b)

Figure 2.11 — a) Scheme of half part of Leaf Spring with sensors, b) real Leaf Spring
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Figure 2.12 — Scheme of piezoelectric patches (PZT) and Strain gauges (SG) on the Leaf Spring: a) top
and b) bottom face

b) A\

Figure 2.13 — Piezoelectric patches and Strain gauges on the Leaf Spring: a) top and b) bottom face

L

Figure 2.14 — Detail of Piezoelectric patches and Strain gauges on the Leaf Spring a) top and b) bottom
face

2.2.5. Damage Definition

Two different artificial damages have been produced on specimens using a 4
mm drill bit on a bench pillar drill, obtaining the profiles showed in Figure 2.15.
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The first damage is a non-passing indentation of 2 mm diameter on the surface of
specimen, representing a surface defect on the structure. The second damage is a
passing hole of 4 mm, representing a volume defect in the structure.

These damages have been chosen according to [31] to obtain two different
configurations of damage and ensure high repeatability between different
specimens and geometries. In fact, the main evaluation of this Thesis is about the
data processing of piezoelectric sensors signals, therefore the geometrical
difference between damage configuration respect to the undamaged one on the
same specimen has to be as constant as possible.

$2 mm &4 mm
. A \:/(30.,

) d)
Figure 2.15 —Scheme of a) Damage 1 and b) Damage 2, Images of Beam specimens with ¢) Damage 1
and d) Damage 2

Since the Leaf Spring component is a unique prototype, it is not possible to
introduce any damage. For this reason, a damage has been simulated applying a
manual clamp, as in Figure 2.16, that locally increases the stiffness of Leaf Spring.

Figure 2.16 — Detail of the manual clamp applied in the case of Leaf Spring component
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Chapter 3

System Setup

The present Chapter describes the development of the experimental setup for
the Structural Health Monitoring (SHM) system applied on the considered case
studies (see Chapter 2). The definition of the system is original and started from a
blank sheet for the experimental campaign that has been carried on the specimens
and automotive component for the SHM evaluation.

The choices made and reported in this Chapter are the result of an evaluation
between hardware/software availability in the Laboratory of Politecnico di Torino
and the financial resources dedicated to this Research activity. The instrumentations
used is suitable for Laboratory analysis and the global cost is not aligned with the
automotive sector, since the objective of the Research is to identify a methodology
for damage monitoring and not to develop a final product ready to sell.

The measurement chain of the system, made of hardware components and
software codes, is reported in Figure 3.1.

Qutput

NI USB-6259 PC (MatLab)

Piezo 1 Piezo 2

va—;e::_—a

Damage

Input

Digital Conditioning
Actuator/Sensor Data Acquisition + Data Treatment

Figure 3.1 — Scheme of the measurement chain

The hardware components are specific piezoelectric transducers, suitable
shielded cables and connections, a National Instruments electronic device for
analog control of piezoelectric patches and data logging.

The program has been developed using the commercial software MatLab, able
to control the National Instruments hardware and to acquire efficiently the raw data
for the data processing.

The final results expected from the system is the indication of the Health status
as a numerical value, called Damage Index, for the objective monitoring of the

33



structure. In particular, a series of six Algorithms that calculate a different Damage
Index are applied to raw data acquired in this thesis, in order to identify the best in
terms of sensitivity to the particular conditions of the specimens and component
under test.

The research presented has the aim to combine the electronic validation of the
SHM system with the exposure of specimens to loading configurations, in order to
investigate the influence of that on the Damage Index calculation. The hardware
used to create a repeatable condition of stress on the studied structures is an
Universal Testing machine, equipped with a standard bending fixture for the
specimens and a customized fixture for the Leaf Spring suspension testing. The
stress analysis is carried on measuring the local strain adopting HBK resistive strain
gauges and relative amplifier.

3.1. Hardware

3.1.1. Piezoelectric transducers

The Piezoelectric transducers used for Structural Health Monitoring need to
have several requirements:

e Repeatability of vibration generation (inverse effect)

e Repeatability of vibration acquisition (direct effect)

e Resistance to the environmental conditions

e Flexibility to resist with the deformation of structure

¢ Good interaction with adhesives for bonding on structure
e Simplicity of electrical connection

All of these specifications have been found in the piezoelectric transducers of
PI Phisik Instrument Gmbh, already applied, for example, in actuation control and
energy harvesting. The particularity of the DuraAct™ piezo transducers, reported
in Figure 3.2, is the protection of the Piezoelectric ceramic layer and electrodes with
a special skin of polyimide Kapton film [28]. The polymeric cover gives flexibility
to the entire component and ensures the resistance to environmental effects as
hygrothermal degradation.

Electrical insulation / Electrical
mechanical preload contact

Piezoceramic
Electrode layer

Figure 3.2 — Scheme of the DuraAct™ Piezoelectric transducer [28]
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t™ are reported in Figure 3.3. The

The available geometries of DuraAc
rectangular patches are indicated to produce the effect of dilatation and contraction
of the structure, both for static actuation at low excitation frequency and dynamic
control at higher frequencies. The phenomenon is amplified with parallel
transducers designed in a printed circuit. The circular patches are not effective in

static condition and are used for dynamic generation of waves at high frequencies.

\

) et e

Figure 3.3 — Available geometries of Kapton covered piezoelectric: a) rectangular and circular shapes,
b) multi-element films [28]

In particular, for SHM, the preferred geometry changes from the structure and
the material, but the circular is the most common, because of the circular waves
produced. In this research, the circular Piezoelectric transducer PI DuraAct™ P-
876K 025 has been used with material PIC255 (modified Lead Zirconate-Lead
Titanate), Piezoceramic disk ¢10 mm and thickness 0,2 mm, total thickness of 0,5
mm. The dimensions of the chosen patch and an example of application on the
specimens are reported in Figure 3.4. The glue used is a transparent two-
components epoxy resin with a curing at room temperature.

S 0.5

17

13
a) - ~ b)
Figure 3.4 — DuraAct™ P-876K025: a) dimensions [28], b) application on specimens

3.1.2. Electrical connections

The Piezoelectric transducers are used in the SHM system as actuators, when
excited from a voltage signal converting it to a mechanical deformation, and as
sensors, when the movement of the structure is transformed in voltage signal. In
both cases, they are connected to the electronic system using a proper connection.

The right contact of the DuraAct™ corresponds to the upper electrode with the
positive sign, the left contact to the lower electrode with negative sign. For
convention, in this thesis, the red cable has been associated to negative contact and
the white/black cable to the positive.
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To facilitate the change of specimen under test and eliminate all the electrical
disturbs due to the manipulation of the cables, two short cables of 20 mm and 40
mm have been soldered and glued to the Piezo patch, remaining together the
structure. The length is different to avoid the contact between the two phases. The
short cables are soldered to the 3-meter shielded cable visible in Figure 3.5, that
connect the transducer to the control device. In order to reduce the interferences and
avoid electromagnetic parasite loops, the shielding is connected in “star” shape to
the control device, not to piezoelectric transducer.

Figure 3.5 — a) Soldering of piezo patches, b) detail of the short cables, c) detail of the shielded cable

3.1.3. Data logger

The control of Piezoelectric transducers, working as actuators or sensors, has
been properly made using the National Instruments Multifunction DAQ NI USB-
6259. This is a compact device that offers high speed for analog data output and
input, remaining at laboratory scale for the component testing. As can be seen in
Figure 3.6, the electronic device can be used on table near the computer and
connected using a USB 2.0 cable.

Cables of piezo actuator are connected to AO channels, for example white cable
(positive) to AO 0 and red (negative) to AO GND. Cables of piezo sensors are
connected in single-ended configuration to Al channels, for example white cable
(positive) to Al 1 and red (negative) to AI GND. The shielding of each cable is
always connected to the nearest GND channel.

Figure 3.6 — a) National Instruments Multifunction DAQ NI USB-6259 with PC control by MatLab, b)
scheme of channels on the spring terminals
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The specifications of NI USB-6259 device relevant for the SHM system
development are summarized in Table 3.1. There are 32 single-ended Analog Input
(AI) channels available, with the possibility to connect 32 piezo sensors. The
Sample rate limited to 1 MS/s using USB 2.0 cable is enough to read a periodic
signal of 100 kHz, following the rule of Nyquist-Shannon. The Analog-to-Digital
Converter (ADC) has 16 bits, about 65 k levels, to read the Voltage signal. Due to
these levels, the Multifunction device is able to assess different Absolute Accuracy
and Sensitivity in relation to the Input range selected by Software. In this work, the
Input range of £10 V has been used with 1920 uV of accuracy and 112 pV of
sensitivity. The signal bandwidth shows the typical knee behavior, with a
breakpoint of 1.5 MHz at -3 dB, confirming the good reading of frequencies under
100 kHz.

Regarding the Analog Output (AO), there are 4 channels available, with the
possibility to connect 4 piezo actuators. The Digital-to-Analog Converter (DAC)
with 16 bits allows the variation of Absolute accuracy changing the Output range.
In this work, the Output range of £10 V has been used with 2080 pV of accuracy.
The Analog Output channels can supply a maximum current of £5 mA, compatible
with the current needed by the piezo actuators around 1.5 mA.

Number of Channels 16 differential or 32 single-ended
Sample Rate 1 MS/s (USB 2.0)

ADC Resolution 16 bits

Input Range +0.1V, ..., 10V

Absolute Accuracy 52 uV (at 0.1 V), ..., 1920 pV (at £10 V)
Sensitivity 6 uV (at£0.1V), ..., 112 uV (at £10 V)
Breakpoint Frequency 1.5 MHz

Number of Channels 4

Update Rate 1 MS/s (USB 2.0)

DAC Resolution 16 bits

Output Range +5V,£10V

Absolute Accuracy 1045 pV (at +5 V), 2080 puV (at =10 V)

Output Current +5 mA
Table 3.1 — Technical specifications of NI USB-6259 device

3.2. Software

3.2.1. LabVIEW Program

The solution to control the National Instruments devices is the NI LabVIEW
suite, that uses the graphical language called G to control the hardware and the
software functions. A program can be developed on LabVIEW in two parallel
spaces: Block Diagram, that contains the graphical code with functional blocks
connected by virtual wires; Front Panel, that is the user interface thanks to that the
user visualizes the good working of the program when it is running. In Figure 3.7
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are reported the Front Panel and the Block Diagram properly developed for the
SHM system on LabVIEW.

The program has been tested and validated with NI USB-6259 device for SHM
purpose, the interface was user-friendly, but the complexity of the data from piezo
sensors required the substitution of the LabVIEW program with a MatLab code for
the entire processing and visualization.
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Figure 3.7 — a) Front Panel and b) Block Diagram developed for the SHM system on LabVIEW

3.2.2. MatLab Program

The NI USB-6259 hardware, connected to the PC through a USB 2.0 cable, has
been controlled with a properly made MatLab code. Before any measurement, a
menu of choice has been implemented to let the user select the test configuration
and save the consequent files in a folder named with test and date to avoid
overwriting. The MatLab window and the Menu are reported in Figure 3.8.
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Figure 3.8 — a) MatLab code and b) interactive Menu developed for the SHM system

The excitation signal for actuators and the data acquired from piezo sensors
have been stored in .txt files for the analysis and visualized on graphics saved in
fig and .jpg format. An example of graph generated by the program from a SHM
test is reported in Figure 3.9. This graphical panel has been generated for each
material, specimen, configuration, piezo couple and frequency tested in the

experimental activity.
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Figure 3.9 — MatLab customized graph representing the actuation and response signals

3.3.

3.3.1. Dynamometer

Mechanical Test Bench

The mechanical tests have been executed on the universal testing machine
Shimadzu AG-X Plus reported in Figure 3.10.
The main specifications of the machine are:

e Loading Method: Electro-mechanical ball-screw drive
e Load Measurement: Strain-gauge Load Cell 20kN, 300kN

39



e Load Cell precision: + 1% at 1/1000 of Max. capacity

e Crosshead Position Measurement: Optical encoder

e Crosshead Position Precision: £0.1%, but £0.01 mm below 10 mm
e Crosshead Speed Range: 0,0005 + 400 mm/min +0.1%

e Strain Measurement: Non-contact Biaxial Video-extensometer

e Frame Rigidity: 400 kKN/mm

e Crosshead Extension: Max. 1000 mm (400 mm with Tensile grips)
e Effective Test Width: Max. 600 mm

e Data Capture Rate: up to 5000 Hz (0,2 msec)

e Data Sampling Rate: 300 kHz

e Compact pneumatic wedge type grips

¢ Digital display, Operator protections, Led lamps

e Testing software: Trapezium X

Figure 3.10 — Universal Testing machine Shimadzu AG-X Plus 300 kN

The materials have been characterized with tensile tests using the pneumatic
wedge type grips mounting the File-teeth grips for flat samples.

Both metallic and composite specimens have been measured in elongation
during the tensile test with the Non-contact Biaxial Video-extensometer, as showed
in Figure 3.11. It is placed perpendicularly to the plane of the specimens and is able
to monitor during the tensile test the movement of tracking points.

The specifications of the CCD camera are: Lens focal 12,5 mm, Field-of-view
240 mm, Class 0.5, Precision 1,5 um, Sampling rate 100 Hz.
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Figure 33.)11 —Non-contact Biaxial Video-extensometer usel:()i in Tensile test on a) metallic and b)
composite specimens
The four-point bending test has been realized with four supports of 5 mm radius
head. The fixture, reported in Figure 3.12, is suitable for tests of metals and
composite, ensuring the alignment of the supports and avoiding the sliding typical
of cylinder supports.

a) S A ‘
Figure 3.12 — a) Equipment of Four-point Bending test, b) detail of support with 5 mm radius head

3.3.2. Fixture for Leaf Spring Bending

The Leaf Spring component has been tested in bending configuration using a
special fixture, as presented in Figure 3.13.

Figure 3.13 — Special fixture for Bending test of Leaf Spring mounted on Shimadzu dynamometer
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The equipment reported in Figure 3.14 is composed by two steel IPE beams to
give proper rigidity to the bended component. On the lower one, a linear guide
provides the sliding of the leaf spring clamps. On the upper one, two cylinders are
mounted at a distance of 540 mm in order to realize the four-point bending
configuration. The interface with the testing machine is given by four T-slot clamps
to the T-slot steel floor and by a cylindrical jig to the load cell. The reciprocal
alignment of the beams during the mounting phase is realized using to a laser
pointer both in the front and lateral side.

Figure 3.14 — a) Detail of the IPE beams with the linear guide, b) alignment process using a laser
pointer

3.3.3. Strain Gauge Amplifier

The deformation on the simulacrum specimens and on the leaf spring
component has been measured using the HBK 350 Q strain gauges illustrated in
Figure 3.15. The signal from Wheatstone quarter bridge type II has been amplified
with the HBK QuantumX MX1615B data acquisition module at 10 Hz of sampling
rate. The system is able to perform both dynamic and static measurements with 16
individually configurable inputs, suitable for reading strain gauges in full, half or
quarter bridge (120 or 350 Q) with data rates up to 20 kS/s per channel. The
software used for the measurements is HBK Catman Easy.

i

a)
Figure 3.15 — a) HBK 350 Q strain gauge, b) HBK QuantumX MX1615B data acquisition module, c)
connector for a single strain gauge measurement
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Chapter 4

Data Analysis

This Chapter explains the original methodology developed to analyze the data
acquired from the experimental tests on specimens and leaf spring component, with
particular focus on MatLab codes that assess the functionality of the SHM system.

As seen in Chapter 3, the National Instruments hardware is controlled using
MatLab for the piezoelectric network management. The code has been properly
developed to post-process the acquired data and compare the different conditions
of loading, damage and geometry.

The proposed method involves the repetition of ten measurements executed at
the same frequency on the same specimen to give a statistical relevance to the
results. The average signals of different configurations are compared using specific
Damage Index Algorithms that permit to evaluate the significant variation of signals
from the calibration phase (Baseline condition) to the testing phase.

4.1. Data Acquisition

4.1.1. Single Frequency

Considering Figure 4.1, the transducer Piezo 1 is the actuator and the Piezo 2
is the sensor, the vibrational wave on their path contains the information about the
structural integrity of the component.

Actuator Sensor

. .
’_m o =

Figure 4.1 — Nomenclature for piezo patches: Piezo 1 is the actuator, Piezo 2 is the sensor
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The response signal of the sensor is highly dependent from the type of the
excitation signal chosen for the actuator. As reported in the Chapter 1, the most
common shape for the burst in the SHM system is a 5 sines Hanning-windowed
modulated signal. The Voltage Amplitude chosen for this works is 20 Vp, as can
be seen in the Figure 4.2 a) for the frequency 50 kHz.

The output signal at the chosen frequency is a vector of Voltage values with
time intervals of 1 pus, corresponding to 1 MS/s of Update rate. In order to verify
the correct generation of the signal from the electronic device, a control output
channel has been connected with a control input channel and for each test the real
output (red line) is compared with the theoretical values (blue line). The shape is
perfectly replicated, only a delay of 1 ps is found.

As reported in Figure 4.2 b), the excitation of the structure with the burst signal
on the piezo actuator is followed by the data acquisition from piezo sensor. The
data vector of Voltage values is acquired with time intervals of 1 ps, because of
sample rate 1 MS/s, starting from the same instant of burst generation. In this way
the output to Piezo 1 and the input from Piezo 2 are synchronous and some
evaluations can be made for time comparison of the acquired signals.

Sending at 1 MS/s the burst
sl ) signal in Voltage from the
1 i Output channel

i I Acquiring at 1 MS/s the
| \ response signal in Voltage
from the Input channel

Voltage [V]
N
7

Il | |f Correcting the raw signal
af - \ [ ] trend by Matlab post-
I processing (detrend function)

; ; | | Filtering by Matlab post-
0 0.2 0.4 06 ‘ processing (Lowpass filter)
a) Time [s] =10 b)

Figure 4.2 — a) Actuation signal shape (blue) and real output (red), b) methodology for data acquisition

The SHM system developed is based on the data acquisition from one sensor
each time, avoiding the reduction of the sample rate due to synchronous input
channels from different piezo sensors. The total time of acquisition is 10 times
longer than the time of burst, that depends on the frequency. The acquisition with
the same piezo couple is repeated 10 times for statistical analysis.

The drift of the piezoelectric signal is digitally corrected using a MatLab
function called “detrend” (as explained in Chapter 1). After the detrend, a low-pass
filter is applied on the signal and the cut frequency is the same of the actuation
signal. In Figure 4.3 it can be seen the effect of filtering on 10 overlapped piezo
responses at 50 kHz, especially in the range of 0,1-0,2 ms.
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Figure 4.3 — Series of 10 overlapped piezo responses at 50 kHz: a) detrended, b) low-pass filtered
4.1.2. Multiple Frequency

Since the SHM uses a property of Lamb waves to interact with damages in the
structure, it is not possible to select a priori the best frequency for specific
specimens, geometries, materials and piezo disposition. For this reason, it has been
individuated the range of frequencies 1+100 kHz with step of 1 kHz and for each
frequency the procedure explained in the previous paragraph has been applied.

The evaluation of the results at the 100 frequencies is possible with the
visualization on spectrogram, in particular the frequency vs. time as a function of
voltage (color scale) [51]. Figure 4.4 reports the visualization of the excitation
signal from piezo 1 in the entire frequency range. It can be noted that the graph
section at 50 kHz is the same of Figure 4.3.

Actuation Signal

10
|
5
0
5
— L

0 0.5
Time [s] 107
Figure 4.4 — Spectrogram of Actuation signal from piezo 1

Frequency [kHz]
Voltage [V]

In this thesis, the test configuration of the structure “as it is” without defects
and damages is called “Baseline”, while the configuration to compare with the
Baseline is called “Test” and can be damaged or stressed, according to the specific
investigation. The Figure 4.5 reports the example of the Baseline acquisition and
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Test acquisition, in particular the values correspond to the average at each
frequency between 10 signals acquired from piezo 2.

The thicker yellow and blue lines refer respectively to the positive and negative
peaks of Voltage signal over a zero baseline in light blue. The general behavior is
due to the velocity increasing with frequency for some groups of waves (according
to the basics explained in the Chapter 1). As can be seen, the graphs are very similar
and it is impossible to have an information of variations from Baseline to Test
configuration without the data post-processing in the entire range of frequencies, as
described in the next section.

100 Average BASE %1073 x107

| | [

% \.H \ 6 ‘| |'| .I‘ 5
Hw m ‘g Hw' i :
N 70 I | N . ‘
= e [l \ HH'\ I I 22 X g 'l ||||\\| \ 2 =
& ||| | |‘ ||| & 2 I i S
5 % w,ww il W° 5 & ". \ * 8

g g , 8
&% 40 \L | e g \ \ 52
- 30 w
10 -6 I
0 0.5 1 0 0.5 1
2) Time [s] x10° b) Time [s] x10°

Figure 4.5 — Spectrograms of a) Baseline and b) Test signals from Piezo 2
4.2. Data Processing

The post-processing of data acquired from Piezo 2 in the range of 1100 kHz
has been carried on in two ways:

¢ Analyzing the maximum positive and minimum negative peaks at each
frequency;

e Comparing each value of the Test configuration with the Baseline using
the standard deviation.

The first analysis is useful to understand the trend of the signal amplitude along
the frequency range, although it is evaluated the local maximum of the signal. In
Figure 4.6 are reported the curves of maximum and minimum Voltage peaks for:
Baseline, Testl and Test2 configurations. From these trends it is possible to
evaluate a change in the piezo response looking at a line instead of the spectrogram.
The lines at the middle of the graph represent the maximum standard deviation
calculated between the 10 signals at each frequency. This value contains the
instrumental error for subsequent acquisitions of the same configuration. In fact, it
can be noted that under 15 kHz the value of standard deviation is higher than the
absolute maximum amplitude of the signal, concluding that in the range 1+15 kHz
the signals are not reliable for the SHM system development.
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Figure 4.6 — Max and min Voltage peaks for an example of Baseline, Test1 and Test2 configurations

The second analysis is the comparison of the absolute Voltage values for each
Test configuration with the Baseline. The Figure 4.7 shows the three-dimensional
graphs for an example of standard deviations used for two comparisons Testl with
Baseline and Test2 with Baseline. This type of representation allows to visualize
the zones in Frequency and Time domains where the signals acquired in the Test
configuration has changed most from the Baseline. In this specific case, the Test2
is related to a damage condition greater than the Testl, in fact there is a wider
presence of zones with increased deviation of signal.

oot:Dev.(BASE-TESTY) 10 o StDev.(BASE-TEST2) .10°
2 2
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3‘—3 1.5 > ;I_; 1.5 >
~ Z
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& s
0.5 0.5
0 ]
2) Tume [s] =107 b) Tlme [s] x10°

Figure 4.7 — Spectrograms of Standard Deviation between a) Testl and Baseline, b) Test2 and Baseline

4.2.1. Damage Index Algorithms

The main objective of the SHM system is to identify a variable that can be used
to express the state of integrity of the structure. In case of critical damages or
working over the design limits, the value of this variable must increase over a
threshold leading to an alarm for the user.

In Chapter 1 many theories have been reported to be used in SHM systems. In
this thesis the algorithms developed by [37] have been applied to the experimental
data of specimens and component testing, since they are an interesting selection of
literature algorithms based on cross-correlation and energy comparison between
two signals. In Table 4.1 are described the six algorithms used in this Thesis to
calculate Damage Index (DI) expressed with the related MatLab functions.
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DI

Description MatLab functions

N

ame
Maximum of the correlation 1 —max(xcorr[x;;(t),y;;(O)])
Zero-lag correlation 1 — xcorr[x;(t), y;;(£)](0)
Correlation coefficient 1 — corrcoef([x;(t), y;;(t)]
T
Normalized residual energy f (xij(©) — v (£))* dt
0
Maximum amplitude of the ey
difference max[xy; (8) = ¥y (8)]
ENV

Maximum envelope of the .
- difference e (2 g8 — D ()]

Table 4.1 — Damage Index Formulations used in this thesis [37]

The algorithms CCA, CCO0, CRC are based on the cross-correlation between
two series of signals. In particular, the MatLab functions used are:

e xcorr that returns the similarity between the first signal and the shifted
(lagged) copies of the second signal as a function of the lag,
e corrcoef'that returns the correlation coefficient between the two series.

The algorithms NRE, MA e ENV are based on the evaluation of amplitude
difference between two series of signals. The square difference, in case of NRE,
amplify the gap between the signals at the same time of acquisition. The MA
consider the global maximum difference that is not the same of the global maximum
of the difference envelope, as can be seen in the example of Figure 4.8.

1.5

1

05

-1.5
0 0.2 0.4 0.6 0.8 1 12 1.4 16 18 2

Figure 4.8 — Example of data series (blue line), upper (red line) and lower envelope (yellow line), global

maximum of the data series (blue dot), global maximum of the difference envelope (red dot)

The six Damage Index algorithms have been applied for the processing analysis
of the two different programs, which functionalities are schematized in Table 4.2.

The first is the “Off-line” program developed to post-process the experimental
data in a second time respect to the acquisition. It has been used for the specimens
and component testing data, comparing the Baseline configuration with two
progressive modifications (damage or stress) in Test] and Test2 configurations. The
range of frequency for the actuation signal was 1-100 kHz and only 1 piezo sensor
each time could be analyzed. The second is the “On-line” program developed only
for the component testing to post-process the experimental data exactly after they
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are acquired. The possibility to calculate the Damage Indices in Real-Time opposes
to the scan of the entire frequency range. In this case, only one frequency has been
used for the actuation signal and the five piezo sensors have been analyzed
subsequently.

Off-line Processing Oll-(lll{l:;ll_’;(;lclf:?ng

Specimens and Leaf Spring Leaf Spring
Baseline vs. Testl/Test2 Baseline vs. Real-Time Data

100 Frequencies (1-100 kHz) 1 constant Frequency (X kHz)

1 Piezo couple 5 Piezo couples
6 Damage Index 6 Damage Index
Max. Voltage and St. Dev. Max. Voltage and St. Dev.

Table 4.2 — Off-line and On-line programs

The Figure 4.9 reports an example of the graphs resulting from the Oft-line and
On-line programs for data processing. Thanks to the Off-line processing it is
possible to visualize a graph for one piezo couple ach Damage Index calculated
with the data of the configurations Test 1 and Test 2 respect to the Baseline on the
range 1-100 kHz. The frequency that expresses the greatest sensitivity, as the
increase of Damage Index with the increase of the structure modification (damage
or stress), is selected on the Off-line program and used for the On-line program
validation. The real-time graph of each Damage Index type monitors all the piezo
couples from the starting time of the test. It permits to evaluate the time at which a
phenomenon has occurred to the structure and allows to understand the sensitivity
of the different Damage Indices.

_.m-al ‘ Damgge Indgx MA . . 103 Damage Index MA
Damage 1 ||
Damage 2

PZT1-2
PZT1-3
PZT1-4
PZT1-5
PZT 1-6

:;_,-.../\ AV,

L . . . 0 -

20 40 60 80 100 50 100 150 200 250 300
a) Frequency [kHz] b) Time [s]

Figure 4.9 — a) Choice of frequency from Off-line program results, b) time reference of the structural
change from On-line program results
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4.2.2. Off-line Monitoring

The specific format of .txt file (Figure 4.10) has been developed for data saving
of acquisition signals. In the first column it is collected the Relative Time in
seconds, where the zero corresponds to the starting of the excitation with Piezo 1
and the incremental step is 1 ps due to the sample rate of 1 MS/s. The second
column contains the actuation signal in Volts, that has a 5 sines Hanning-windowed
modulation in the range -10 to 10 V. The other columns collect the acquired signals
repeated 10 times with the same sensor. The first six rows specify the date of test
and the Absolute Time in seconds from the start of test. A single .txt file is related
to specific piezo couple actuator-sensor because signals from different piezo
couples are not comparable.

Figure 4.11 represents the complete user visualization of each Damage Index
calculation of Test 1 and Test 2 configurations respect to the Baseline on the range
1+100 kHz after the Off-line data processing for a single piezo couple.

= 1 [2020.000000 0.000000 2020.000000 2020.000000 2020.000000 2020.000000 20
11.000000  0.000000 11.000000 11.000000 11.000000 11.000000 11
(row:1/6)yyyy_mm_d 11.000000  0.000000 11.000000 11.000000 11.000000 11.000000 11
d hh mm. ss ¢ 18.000000 0.000000 18.000000 18.000000 18.000000 18.000000 18
- - 9.000000 0.000000 9.000000 9.000000 9.000000 $.000000 9.
(row:7)toc & 10.5] q 12.354000 14.079000  15.429000 P ;
o.00f Actuation Signal | 17351662 3.551448 1901513 | Acquisition Signals
[ & [5.000000 -0.000176| [-0.000078  0.000017 0.000013 0.000038 0.
Relative Time || 2000001 0.000470 -0.000064  0.000003 0.000008 0.000053 0.
0.000002 -0.000821| |-0.000045 -0.000016 0.000000 0.000068 0.
0. 0.002729 -0.000020 -0.000041 -0.000008  0.000086 0.
0. 0.009505 0.000006 -0.000069 -0.000018  0.000105 0.
0. 0.022413 0.000032 -0.00008%  -0.000027  0.000122 0.
0. 0.042421 0.000053 -0.000128  -0.000031  0.000140 0.
0. 0.070496 0.000068 -0.000155 -0.000032  0.000155 0.
0. 0.106316 0.000077 -0.000176 -0.000026 0.000169 0.
0. 0.147944 0.000078 -0.000181 -0.000013  0.000181 0.
0. 0.185059 0.000072 -0.000186  0.000006 0.000182 0.
0. 0.244109 0.000061 -0.000182  0.000031 0.000202 0.
0. 0.289933 0.000048 -0.000178  0.000058 0.000211 0.
0. 0.333175 0.000038 -0.000154  0.000084 0.000220 0.
0. 0.365445 0.000031 -0.000123  0.000107 0.000227 0.
0. 0.384162 0.000031 -0.000086  0.000123 0.000234 0.
0. 0.384807 0.000033 -0.000045  0.000129 0.000239 0.
0. 0.363832 0.000054 -0.000004 0.000124 0.000241 -0
0. 0.316717 0.000076 0.000034 0.000109 0.000238 -0
n n 2a1598 n annint n annnea n nnnnga n nonoan -n
Figure 4.10 — Data saving format of .txt file for Off-line program
Damage Index CRC Damage Index CCA Damage Index CC0O
0.016 i [ Damage 1| " | Damage 1 0.025 n Damage 1|
| Damaga 2 I\ Damage 2 '\ Damaga 2
0.014 1l
0.02
0.012
0.01 0.015
0.008
0.006 0.0
0.004 | 0.005
0.002 | V‘ .
0 . - - . 0 . - - . 0 - . - .
20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
Frequency [kHz] Frequency [kHz] Frequency [kHz]
100 Damage Index NRE 100 Damage Index MA 10? Damage Index ENV
Damage 1] 3 . Damage 1 3 A Damage 1]
Damage 2 ffl Damage 2 M | Damage 2
| 25
2
\5[
1
0.5

20 40 60 80 100 20 a0 60 80 100 20 40 60 80 100
Frequency [kHz] Frequency [kHz] Frequency [kHz)

Figure 4.11 — User visualization of each Damage Index of Test 1 and Test 2 configurations respect to
the Baseline for the Off-line program
The trend of Damage Index is complex and a uniform methodology to compare
them on the entire range of frequency has been chosen. The percentage change of
the Damage Index of the Test 2 respect to the Test 1 has been calculated, in order
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to relate the sensitivity of the DI algorithms

example is reported in Figure 4.12.
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Figure 4.12 — Percentage change of the Damage Index of the Test 2 respect to the Test 1

4.2.3. On-line Monitoring
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The Real-Time monitoring, based on the On-line processing program, needs a
different type of data saving on .txt files, it is reported in Figure 4.13.

For the data acquired during the test, as already described, the signal is acquired
from the same sensor five times in the Baseline configuration, filling the first five
columns. Then an average of these measures is calculated and saved in the sixth

column. The other columns from the right contain the data acquired in the test
configurations and they are used to calculate the Damage Indices. In the first six
rows the date and the Absolute Time of the test are registered for each signal. For
the Damage Indices saving, another file is compiled referring the DI results to the
date of the test and the Absolute Time of the test respect to the Baseline

configuration.

Acquisition Signals

BASELINE (media
acquisizioni di BASE)

1 ).000000 2020.000000 2020.000000 2020.000000 2020.(10000[70,000000 2020.000000 2020.000000 2020.000000 2020
100000 11.000000 11.000000 11.000000 11.000000 0.000000 11.000000 11.000000 11.000000 11.00
100000 11.000000 11.000000 11.000000 11.000000 0.000000 11.000000 11.000000 11.000000 11.00

4 100000 18.000000 18.000000 18.000000 18.000000 0.000000 18.000000 18.000000 16.000000 18.04

5 10000 9.000000 9.000000 9.000000 9.000000 0.000000 9.000000 9.000000 9.000000 9.004
154000 14.07%000 15.42%000 15.901000 16.382000 0.000000 17.508000 18.581000 19.261000 19.69
11662 3.551448 4.901513 5.375530 5.850642 0.000000 6.974836 8.048007 8.728004 9.123

8 100078 0.000017 0.000013 0.000038 0.000158 0.000030 -0.000120 -0.000180 -0.000009 -0.0¢
100064 0.000003 0.000008 0.000053 0.000174 0.000035 -0.000138 -0.000227 -0.000015 -0.04
100045 -0.000016 0.000000 0.000069 0.000185 0.000039 -0.000150 -0.000268 -0.000020 -0.04
100020 -0.000041 -0.000009 0.000086 0.000188 0.000041 -0.000155 -0.000302 -0.000021 -0.0¢

2 )000e -0.0000€9 -0.000018 0.000105 0.000185 0.000042 -0.000154 -0.000324 -0.000018 -0.04
10032 -0.000099 -0.000027 0.000122 0.000177 0.000041 -0.000147 -0.000332 -0.000009 -0.04
10053 -0.000128 -0.000031 0.000140 0.000166 0.000040 -0.000136 -0.000326 0.000006 -0.04
10069 -0.0001S5 -0.000032 0.000155 0.000154 0.000038 -0.000122 -0.000307 0.000028 0.00¢
10077 -0.000176 -0.000026 0.000169 0.000141 0.000037 -0.000107 -0.000276 0.000056 0.004

7 10078 -0.000191 -0.000013 0.000181 0.000128 0.000037 -0.000094 -0.000237 0.000089 0.004
10072 -0.000196 0.000006 0.000192 0.000116 0.000038 -0.000085 -0.000194 0.000126 -0.0¢
J006L  -0.000152 0.000031  0.000202  0.000103 [0.000041 |§-0.000081 -0.000151 0.000164  -0.0
10048 -0.000178 0.000058 0.000211 0.000080 0.000046 -0.000081 -0.000111 0.000201 -0.04
1003y 0 0.000075 fl0.000052 | | I, .0¢

2 »003| Singole acquisizionidiBASE |7 0.0000s7 | n.000060 | | - Singole acquisizioni di PROVA |.od
1003 A A A A TTUTUIZS vrovvzsd 0.000038 0.000068 ~rruvvTUY R A LA TS TTUUTZOY ~v.0¢

a)

yyyy_mm_dd_
hh_mm_ss

6 Damage Index
Elaborations

b)

2020.000000 2020.000000 2020.000000 2020.000000 2020.000000 2020.000000 2020.0000

11.000000
11.000000
18.000000
9.000000

17.508000
0.000378

0.042644
0.042644
0.000032
0.000381
0.000463

11.000000 11.000000 11.000000 11.000000 11.000000 11.000000
11.000000 11.000000 11.000000 11.000000 11.000000 11.000000
18.000000 18.000000 18.000000 18.000000 18.000000 18.000000
9.000000 9.000000 9.000000 9.000000 9.000000 9.000000
18.581000 19.261000 19.658000 20.288000 20.850000 21.332000
0.000431 0.000406 0.000454 0.000330 0.0002%0 0.000293
0.042651 0.042747 0.042627 0.042631 0.042574 0.042644
0.042651 0.042747 0.042627 0.042631 0.042574 0.042644
0.000037 0.000035 0.000039 0.000028 0.000025 0.000025
0.000416 0.000344 0.000415 0.000288 0.000335 0.000338
0.000453 0.000386 0.000492 0.000433 0.000366 0.000362

Figure 4.13 — Data saving format of .txt file for On-line program: a) signals, b) Damage Index
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In Figure 4.14 are reported the acquired data for each piezo couple overlapped
at the same Relative Time. The Baseline signals are plotted in the first column, the
Test signals in the second column. In Figure 4.15 is depicted the Real-Time history
representing the evolution of the signal, in terms of Voltage and Relative Time,
during the test at different Absolute Time values. Looking at the color, it is possible
to note important variations in the acquired signal and established the time in which
a loss of signal or time shift of peaks occur.

Figure 4.16 permits to evaluate the trend of each Damage Index over the
Absolute Time of the test. In addition to the six Damage Index graphs with all the
piezo couples’ curves, are reported also the trend of the global maximum of the test
signal and the maximum standard deviation between the Test and Baseline
configurations.

The Voltage scale is set in the range of maximum and minimum values of
signal. It is the same for Baseline and Test signals, but varies between piezo couples
in order to ease the reading.
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Figure 4.14 — User visualization of the On-line program a) Baseline and b) Test signals for each piezo

couple

52



0.012

Voltage [V]
- ~N
- o nN (5

o
o

, 210°Signal - Max St. Dev.

Realtime signal analysis 75 kHz PZT1-2

Relative Time [ms]

100

150

200 250

Realtime signal analysis 75 kHz PZT1-3

Relative Time [ms]

100

g

200 250

Realtime signal analysis 75 kHz PZT1-4

g

200 250

w
E0
(]
Eo.
=

@

2
g0
[5]

o

0 50 100
Realtime signal analysis 75 kHz PZT1-5

W

£ 06
g

= 0.4
[}]
=02
K]

7]

©

=2
5

100

g

200 250

Realtime signal analysis 75 kHz PZT1-6

o

Relative Time [ms]
e 2 ol
L&) -~ (=2

o

50 100

g

Absolute Time [s]
Figure 4.15 — User visualization of the On-line program Realtime signals for each piezo couple
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Chapter 5

Experimental Results

5.1. Preliminary Tests

5.1.1. Bending Tests on Simulacrum

The four-point bending tests for characterizing the simulacrum specimens have
been realized at crosshead speed of 2 mm/min with an inner supports span of 80
mm and an outer span of 160 mm. Figure 5.1 shows the bending fixture and the
Simulacrum with the piezoelectric patches and the strain gauges.

Figzz'e 5.1 — a) Sensors’ network on Simulacrum sl[)))ecimen, b) Four-point Bending configuration

The force vs. displacement and force vs. strain curves are reported in Figure
5.2. In correspondence of 1000 N for steel and 500 N for aluminum, it has been
identified a deviation from linearity for the second strain gauge, which is placed in
lateral position between the upper and lower support. For this reason, to study all
the simulacrum specimens in the same elastic behavior, it has been chosen three
loading steps at 0 mm, 0.3 mm and 0.6 mm. These configurations of static loading
will be reported in the following paragraphs for the validation of SHM methodology
on the stressed structures.
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Figure 5.2 — Experimental results of the Bending tests on Simulacrum specimens: a) Force vs.
Displacement, b) Force vs. Strain

5.1.2. Bending Tests on Leaf Spring

The bending test on the leaf spring has been conducted with a controlled
crosshead speed of 5 mm/min until reaching 50 mm of displacement, the maximum
recorded load was 4 kN.

Figure 5.3 shows the representation of the half Leaf Spring component with the
piezoelectric patches and the strain gauges. Both strain gauges are placed in the
center of the component to monitor the longitudinal strain during the test.

----- TOP

Middfe View

Figure 5.3 — Leaf Spring with the top and bottom faces of the half part with sensors

The component under test has been studied with the force-displacement and the
force-strain curves, reported in Figure 5.4. The behavior is linear both for
displacement and strain until 4 kN of bending force, without critical signs of
yielding and damage. Because in this thesis the SHM methodology has to be
validated in the widest range of bending travel for the leaf spring, five steps of load
have been considered at 0, 1, 2, 3 and 4 kN.

In Figure 5.5 it is possible to observe the position of the leaf spring at each
bending load step. It can be seen that the component changes from curved to flat
shape, highlighting the flexible behavior during the working as suspension on
vehicle, mainly due to the 45° carbon fiber layers.
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Figure 5.4 — Experimental results of the Bending tests on Leaf Spring component: a) Force vs.
Displacement, b) Force vs. Strain

Figure 5.5 — Progression of Bending test on Leaf Spring at 1, 2,3 and 4 kN

5.2. SHM Off-line Tests

The Off-line Processing of SHM data have been applied on static tests scanning
all the PZT couples at 100 frequencies from 1 kHz to 100 kHz with steps of 1 kHz.
The PZT 1 remained the actuator for all the iterations and the other piezo patches
worked as sensors.

The static configurations for the specimens and the leaf spring have been tested,
considering the free condition, the clamping and the bending effects. To identify
the influence of the different factors on the SHM system signals, some comparisons
have been made, between a Baseline condition and two other configurations.

As described in the Chapter 4 for the Off-line methodology, for each specimen
and configuration at 100 frequencies have been realized the representations of:

e raw signal data, as the maximum peak and the maximum standard deviation
recorded for the same data series,

e the standard deviation for a Test configuration related to Baseline,
e the trend of Damage Index for Test 1 and Test 2 related to Baseline,

e the percentage variation of Damage Index for Test 2 related to Baseline
respect to Test 1 related to Baseline.

To facilitate the reading, in the following paragraphs are reported the percentage
variation of Damage Index for each specimen, while the complete representation of
acquired data and processing graphs are reported in the Appendix A.

56



5.2.1. Beam specimen

The Beam specimen is a rectangle of 300x12 mm, it has been tested in the
configurations: Appended, On table and Clamped at one edge. Because of the
similarities of Appended and On table configurations respect to the Clamped one,
only the Appended results are reported. The artificial damage is placed in the center
between actuator and sensor. As presented in Figure 5.6, the couple of piezo PZT
1-2 has been monitored to understand the effect of the clamping and the two types
of damage on the Piezoelectric response at 100 frequencies in the range 1+100 kHz.

PZT1 Damaae PZT?2

Figure 5.6 — Piezo couple PZT 1-2 studied for the influence of Damage on the Beam specimen

In Figure 5.7 are reported the Percentage Variations of Damage Index of
Damage 2 to No Damage respect to Damage Index of Damage 1 to No Damage for
PZT 1-2 piezo couple, for the Beam specimens made of Aluminum, Steel and
Carbon Fiber.
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Figure 5.7 — SHM Off-line Test results for the Beam specimens made of a) Aluminum, b) Steel, c)
Carbon Fiber

Especially for the Beam specimen made of Steel, it is possible to state that
Clamped configuration leads to a general increase of Damage Index value respect
to Appended one.

For all the materials investigated, for the Algorithms CRC, NRE, MA, ENV at
the frequencies 35 kHz and around 90 kHz, there is a peak related to the detection
of the Damage 2 (passing hole diameter 4 mm) respect to Damage 1 (surface

indentation diameter 2 mm). For the Algorithms CCA, CCO there is not a common
behavior within the materials.
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In other words, the data processing highlights clearly that some frequencies in
the range 1+100 kHz are more sensitive to detect an increasing of the Damage
severity.

5.2.2. Plate specimen

The Plate specimen is a square of 250 mm side, it has been tested in the
configuration On table. The Appended configuration and the Clamped one have
been evaluated, but not applied. The artificial damage is placed on the diagonal of
the plate, at 100 mm from each edge in the corner of the piezo couple PZT 1-2. As
it is possible to see in Figure 5.8, the damage could interact with the response signal
of PZT 2 and consequently of PZT 3. For this reason, the piezo couples PZT 1-2
and PZT 1-3 have been monitored to understand this effect, while PZT 1-4 forecast
to be not affected. The influence of two types of damage on the Piezoelectric
response has been observed at 100 frequencies in the range 1-100 kHz.

Figure 5.8 — Piezo couples PZT 1-2 and PZT 1-3 studied for the influence of Damage on the Plate
specimen
In Figure 5.9 are reported the Percentage Variations of Damage Index of
Damage 2 to No Damage respect to Damage Index of Damage 1 to No Damage for
PZT 1-2, PZT 1-3, PZT 1-4 piezo couples, for the Plate specimens made of
Aluminum, Steel and Carbon Fiber.
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Figure 5.9 — SHM Off-line Test results for the Plate specimens made of a) Aluminum, b) Steel, c)
Carbon Fiber

For all the materials investigated, in particular for the Algorithms CRC, NRE,
MA, ENV, a great increase of Damage Index has been registered related to the
detection of the Damage 2 respect to Damage 1. Especially for the Plate specimen
made of Carbon Fiber, it is possible to identify two peaks at about same frequencies
found for the Beam, 35+90 kHz.

Regarding the different Piezo sensors, have a considerable influence of the
Damage severity increasing on the Damage Index of PZT 2 and PZT 3 respect to
PZT 4. This confirms the initial hypothesis of Damage interaction on the Piezo
response when it is on the path of the piezo couple actuator-sensor.

To explain the major Damage Index related to PZT 1-3 respect to PZT 1-2, it
is necessary to observe the distance of the two piezo couples. The distance between
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PZT 1-3 is 200 mm at 0° direction, while for PZT 1-2 is 140 mm at 45°. The waves
from actuator PZT 1 reach first the sensor PZT 2, a part of these reflect to the edge
of the plate and reach the sensor PZT 3 together with the waves on the direct path
of PZT 1-3. In this way, the influence of the Damage is amplified on the Plate
specimen due to reflections of the waves on the edges, leading to a greater Damage
Index for couple PZT 1-3 than PZT 1-2.

5.2.3. Simulacrum specimen

The Simulacrum specimen is a rectangle of 250x70 mm, it has been tested in
the Bending configuration, with three loading steps at 0 mm (BENDO), 0.3 mm
(BENDI) and 0.6 mm (BEND?2). The position of PZT 2 has been defined to study
the interaction with the upper and lower support cylinders of the bending fixture.
The artificial damage is placed in the center of the piezo couple PZT 1-2, in a zone
between the upper and lower cylinders, as highlighted in Figure 5.10. In this way,
the excitation waves from PZT 1 actuator pass through two cylinders and the
damage before to be received from PZT 2 sensor, so the piezo response could be
highly influenced.

Another evaluation has been made for PZT 3 sensor, that has been placed
exactly under the PZT 1 actuator. In this case, the study has been directed on the
transmission of waves through the section of the specimen and how they are
influenced from the bending loads. Both the piezo couples PZT 1-2 and PZT 1-3
have been monitored to understand the effect of bending loads and two types of
damage on the Piezoelectric response at 100 frequencies in the range 1-100 kHz.

[}

Figure 5.10 — Piezo couple PZT 1-2 studied for the influence of Damage and Bending load on the
Simulacrum specimen

In Figure 5.11 are reported the Percentage Variations of Damage Index of
BEND2 to BENDO respect to Damage Index of BEND1 to BENDO in the three
damage conditions, for the Simulacrum specimens made of Aluminum, Steel and
Carbon Fiber for PZT 1-2 piezo couple.
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Figure 5.11 — SHM Off-line Test results for the Simulacrum specimens made of a) Aluminum, b) Steel,
¢) Carbon Fiber for the PZT 1-2 piezo couple

In
Figure 5.12 are reported the Percentage Variations of Damage Index of BEND2
to BENDO respect to Damage Index of BEND1 to BENDO in the three damage

conditions, for the Simulacrum specimens made of Aluminum, Steel and Carbon
Fiber for PZT 1-3 piezo couple.
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Figure 5.12 — SHM Off-line Test results for the Simulacrum specimens made of a) Aluminum, b) Steel,
¢) Carbon Fiber for the PZT 1-3 piezo couple

For all the materials investigated, both piezo couples PZT 1-2 and PZT 1-3
showed interesting behavior for Damage Indexes processed with Algorithm CRC
and NRE, so hereby are reported the observations only for these two Algorithms.

It can be noted that, for all the configurations and Damage conditions, the
Bending step 2 leads to a higher Damage Index than Bending step 1, in fact there is
always a positive percentage variation. This demonstrates that the stresses into the
structure affect the final results of the SHM system, so they have to be considered
for each application.

Furthermore, the Damage condition of the specimen affect the variation of
Damage Index between Bending step 2 and step 1, resulting in a progressive
growing trend. In the wide range of 1-100 kHz, over 50 kHz some peaks can be
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highlighted for all the tests, in particular the frequency of 75 kHz showed the most
sensitivity to bending load changes and damage severity increasing.

5.2.4. Leaf Spring component

The Leaf Spring component can be simplified as a curved rectangle of
1000x150 mm, it has been tested in the Bending configuration, with five loading
steps (established in the previous paragraph) at 0, 1, 2, 3 and 4 kN. No damage has
been applied on the component since it is a unique prototype.

As represented in Figure 5.13, the half Leaf Spring top and bottom views are
illustrated to focus the attention on the Piezoelectric patches disposition. The
sensors PZT 2, PZT 3 and PZT 4 are aligned at 0° with actuator PZT 1, so they are
all on the same carbon fibre bundles. This could produce a better propagation of
waves instead of other angulations. To study this effect, the sensor PZT 5 is placed
at 45° from PZT 1. The sensor PZT 6 is placed under PZT 1, as already seen for the
Simulacrum specimen.

Both the piezo couples PZT 1-2, PZT 1-3, PZT 1-4, PZT 1-5 and PZT 1-6 have
been monitored to understand the effect of bending loads on the Piezoelectric
response at 100 frequencies in the range 1+100 kHz.

Middle View

Figure 5.13 — Half part of Leaf Spring component with Piezoelectric patches and Strain gauges

In Figure 5.14 is reported the Percentage Variation of Damage Index of BEND2
to BENDO respect to Damage Index of BEND1 to BENDO for each piezo couple
on the Leaf Spring.

For all Piezo couples, it is possible to note that Bending step 2 shows a Damage
Index higher than Bending step 1, in fact there is always a positive percentage
variation. The other comparisons for all piezo couples at the Bending step 3 and
step 4 are reported in the Appendix A and showed the same behavior. As for the
Simulacrum specimen, it has been found that the stresses into the structure affect
the final results of the SHM system, especially for the piezo sensor PZT 6 placed at
the opposite face of the actuator PZT 1.

The maximum increasing of Damage Index has been registered for frequency
over 50 kHz, around 75 kHz, as for the Simulacrum specimen.
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Figure 5.14 — SHM Off-line Test results for each piezo couple on the Leaf Spring

In Figure 5.15 are reported the Percentage Variation of Damage Index of
BEND2, BEND3, BEND4 to BENDO respect to Damage Index of BENDI to
BENDO, for piezo couples PZT 1-2 and PZT 1-4 on the Leaf Spring.

The comparison between all Bending steps respect to Bending step 1 for a
single Piezo couple showed definitely the high relation of Damage Index with the
stress in the structure, bringing benefit to the analysis. The Damage Index
Algorithms CRC and NRE are the most sensitive to the loading variation.
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Figure 5.15 — SHM Off-line Test results for a) PZT 1-2 and b) PZT 1-4 on the Leaf Spring

5.3.

SHM On-line Tests

The On-line Processing of SHM data have been executed monitoring all the
piezo couples of the Leaf Spring component at the frequency of 75 kHz, chosen
with the results of the SHM Off-line program. The PZT 1 remained the actuator for
all the iterations and the other piezo patches worked as sensors. All the Algorithms
have been applied in the study.

Two real cases have been evaluated on the Leaf Spring:

e static condition, mounted on the bending fixture without load

e dynamic condition, with a cyclic bending loading after an initial phase of
calibration in static condition at 0 kN

To assess the possibility of the SHM system to detect damages or variation on
the component, a clamp has been used to locally increase the stiffness and simulate

a damage on a Leaf Spring section.

As described in Chapter 4 for the On-line methodology, the calibration phase
requires the acquisition of ten baseline signals in the initial condition.
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In the static condition, the clamp has been mounted after the calibration and the
effect on the Damage Index has been evaluated. In the dynamic condition, two
different tests have been carried on under the same bending cycle: one without
clamp and one with the clamp mounted after the calibration.

For each test, the On-line program produces the representations:

e raw signal data, comparison of all baseline signals with the actual signal

e raw signal data history, comparison of actual signals from the beginning of
the test with the absolute timeline

e the trend of maximum peak and maximum standard deviation for the
acquired signals

e the trend of Damage Index for the actual signal related to the average
baseline signal acquired in the calibration phase

5.3.1. Leaf Spring in Static condition

Static tests have been carried out on the Leaf Spring mounted on the bending
fixture without load. The objective of the test is to evaluate the effect of a clamp on
the Damage Index. The Figure 5.16 shows the position of the clamp on the central
zone of the Leaf Spring, on the path of the piezo couples PZT 1-5 and PZT 1-2.

| (T TOP

Middle View

Figure 5.16 — Piezo cot?]))les PZT 1-2 and PZT 1-5 studied for the influence of Clamp and Bending load
on the Leaf Spring component

The calibration phase acquired ten signals for baseline average, then the test
started at the second 0. The clamp has been applied at second 90 and removed at
second 150, the test finished after 170 seconds.

In Figure 5.17 is reported the On-line monitoring graph for all the piezo couples
at 75 kHz. As can be seen, the maximum peak of absolute signal and standard
deviation showed a significative variation during the phase of placing and removing
the clamp. In particular, the maximum peak for the piezo sensors PZT 2 and PZT 6
increased with the clamp, while decreased for PZT 5 at 45°. The values for other
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sensors PZT 3 and PZT 4 far from the actuator had no important variations. The
maximum standard deviation showed an increase due to the clamp for the sensors
PZT 2, PZT 5 and PZT 6, demonstrating an effective potential to study the
phenomenon.

All the Algorithms for Damage Index calculation showed a great influence
from the clamp introduction. The CRC, NRE, MA and ENV Algorithms had a
behavior similar to the maximum of standard deviation, highlighting the influence
on piezo couples PZT 1-2, PZT 1-5 and PZT 1-6 where the clamp is placed. In
addition, the CRC expressed a particular sensitivity to the Damage Index of piezo
sensors far from the clamp, PZT 3 and PZT 4. The CCA and CCO Algorithms did
not show much variation for the Damage Index of all the piezo sensor.

In synthesis, for the static case the majority of Algorithms involved in the SHM
On-line Processing program detected a significative influence of the clamp
application on the Leaf Spring for the frequency of 75 kHz.
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Figure 5.17 — SHM On-line Test results for the Leaf Spring in static condition with clamp

5.3.2. Leaf Spring in Dynamic condition

Dynamic tests have been done during a cyclic bending test monitoring all the
piezo couples at the frequency of 75 kHz, chosen with the results of the SHM Off-
line program. The objective of the test is to evaluate the effect of a clamp on the
Damage Index, considering the bending of the structure in addition to the static
condition evaluated in the previous paragraph.

The test followed a specific cycle prepared on Software Trapezium X
controlling the Shimadzu dynamometer, to evaluate the repeatability of the SHM
system response. The monitoring system composed by HBK QuantumX for Strain
gauges and NI USB-6259 for Piezo patches is reported in Figure 5.18, with a detail
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of the upper bending support and the clamp on the path of the piezo couples PZT
1-5 and PZT 1-2, as for the static test.

b)

Figure 5.18 — a) Experimental system for the SHM of the Leaf Spring component in Bending

configuration, b) detail of the upper bending support

The test cycle in load control is reported in Figure 5.19, in terms of Force-Time.
It consists of three loading-unloading at Bending step 1 and three at Bending step 2
with a crosshead speed of 5 mm/min. In the releasing phase the reaching point is
150 N of force to maintain the stability of the structure on the fixture. The Strain
measured from the strain gauges during the test is reported in Figure 5.20.

The calibration phase acquired ten signals for baseline average in the initial
relaxed condition, then the test started at the second 0. The duration of the test was
3000 seconds (50 minutes). One test has been conducted bending the Leaf Spring
without clamp. Another test has been made with the application of the clamp at
second 50 and not removed until the end of the experiment.
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Figure 5.20 — Strain gauges measures during the bending cyclic test on Leaf Spring

The baseline series of signals and the last acquisition of test signals for each
piezo couple are reported in Figure 5.21. On the left column, the initial baseline
data set remains for all the test duration, while on the right column the raw data of
the piezo couples is updating each iteration.

It is possible to see that the signal acquired before and after the bending cycles
is similar for all the piezo sensors. This information is important to say that the
structure after bending come back approximately to the original state not only for
macroscopic load and strain measures, but also at microscopic scale studied with
the ultrasonic waves sensed by piezoelectric patches.
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Figure 5.21 — SHM On-line Test results for the Leaf Spring in dynamic condition without clamp

The raw data for the bending test without clamp are reported in Figure 5.22, in
which the Absolute time is the test time, while the Relative time is the signal
acquisition time. With this visualization it is possible to easily verify the voltage
peaks disappearing or shifting in time due to external test events.

It is possible to see that the signals acquired from sensors PZT 2 and PZT 5
near to the actuator PZT 1 are not so much affected from the bending cycles. A little
decreasing in the signal amplitude and a time shift for signals at higher relative time
have been registered.

For the sensor PZT 6 placed under the actuator, the intensity of signal due to
the bending loading was important. For the sensors PZT 3 and PZT 4 the low signal
amplitude was highly influenced from the bending, causing loss of signal and time
shift of voltage peaks.
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Figure 5.22 — SHM On-line Test results for the Leaf Spring in dynamic condition without clamp

[=]

The Figure 5.23 and Figure 5.24 report the On-line monitoring for entire
bending cycle test without and with the clamp introduction. The comparison has
been made for each piezo couple between the trend of maximum Voltage peak,
maximum Voltage standard deviation and the six Damage Index values.

Regarding the maximum peak of voltage signals, the sensors PZT 2, PZT 5 and
PZT 6 showed a decrease proportional with the bending load, while the sensor PZT
3 aslight increase. The effect of the clamp at second 50 produced the same behavior
seen in the static test, with an increase of signal intensity for PZT 2 and PZT 6 and
a decrease for PZT 5. The effect of the clamp in the bending cycles led to an
increased drop of voltage signal both for the Bending step 1 and step 2.

Focusing on the maximum standard deviation of the acquired signals, the
increases are proportional with the bending load of the cycles. When the clamp is
applied all the values of standard deviation increase, in particular for the cycles at
the bending step 1.

As observed in the static condition, all the Damage Index values demonstrated
a behavior similar to the standard deviation with great variations with the bending
cycles. Apart the CCA and CCO, all the Algorithms expressed positive variations
specially for the sensors near to clamp PZT 2, PZT 5 and PZT 6. The CRC
Algorithm was sensitive also for the sensor far from clamp PZT 4.
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In synthesis, for the dynamic case the majority of Algorithms involved in SHM
On-line Processing program detected a significative influence of the bending
loading and after the application of clamp on the Leaf Spring for the frequency of

75 kHz.
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Figure 5.23 — SHM On-line Test results for the Leaf Spring in dynamic condition without (left column)
and with clamp (right column) — part 1
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Figure 5.24 — SHM On-line Test results for the Leaf Spring in dynamic condition without (left column)
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Chapter 6

Virtual Simulations

The Structural Health Monitoring is an experimental technique suitable for
structures of particular interest, such as for safety requirements, industrial activities,
energy production. The basis of the method is the propagation of an ultrasonic
vibration in the structure, which behavior is influenced from material, thickness,
environmental conditions, possible defects, presence of damages. This last factor is
the reason of the application for SHM systems, that monitor the component for a
period waiting for the damage detection.

The SHM sensor network is therefore designed according to the structure
geometry and the knowledge about the critical zones and the failure criterion of the
material. The experience on the correct positioning of sensors is related to the
experimental tests made on simple specimens or sections of the structure in order
to setup the system. It is not normally taken into account the possibility to design
the final sensor network before the practical trial, but for complex or expensive
structures this could be an interesting point of development.

The limitations of the Finite Element Analysis (FEA) models in the case of
SHM conditions regard the realistic modeling of the damages, the exact simulation
of the vibrations combined to the mechanical stresses on the structure, the lack of
accounting the imperfect geometry of components and environmental conditions.
For all these reasons the virtual tool has not been used in this work to simulate
defects or damages on the structure and presence of external or internal stresses.
The aim of the research is to understand if the simulations can be a support for the
general comprehension of the vibrational phenomenon and give an idea of the
possible signals to measure even in a phase precedent to the production.

This Chapter describes the methodology developed to model the real systems
composed by specimens and piezoelectric sensors, through a particular electro-
mechanical analogy to compensate the absence of specific keywords on LS-DYNA
for piezoelectric modeling. The results of the simulations have been compared
directly with the Voltage signals acquired in the experimental tests.
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6.1. Virtual Methodology

6.1.1. FEA Models

The FEA simulations have been conducted on LS-DYNA, using LS-PrePost to
set the models. The Explicit solver has been used because the vibration
phenomenon is time-dependent and its velocity is relatively high. The Implicit
solver has not been used because it is normally suitable for quasi-static simulations
without a dependence from time.

The modelled structures are the same of the experimental tests, as schematized
in Table 6.1. The geometries of specimens, the materials, the thicknesses have been
respected. All the piezo sensors on the Top face of the specimens have been
modelled.

The CAD models of Beam specimen, Plate specimen, Simulacrum specimen
and Leaf Spring component are reported in Figure 6.1.

. Dimension N. Piezo N. Piezo
M 1
ateria Geometry [mm] Real Test  Modelled

Specimen Composite
BEAM Aluminum Rectangular 300x 12 2 2

Steel
Specimen Composite
PLATE Aluminum Square 250 x 250 4 4

Steel
Specimen Composite
SIMULACRUM Aluminum Rectangular 250x 70 3 2

Steel
Component . Rectangular
LEAF-SPRING Composite curved 1000 x 150 6 5

Table 6.1 — List of specimens, materials, geometries, number of piezo simulated with FEA models

[T —p———r

¢) d)
Figure 6.1 — CAD models of a) Beam, b) Plate, ¢) Simulacrum, d) Leaf Spring

The models of specimens have been designed and meshed using LS-PrePost
because of the simple geometry and planarity, while the Leaf Spring component
has been meshed in Altair HyperMesh and then imported in LS-PrePost for the FEA
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setup in LS-DYNA. Particular attention has been given to the meshing strategy of
the specimens, in view to apply in future the methodology on large components,
not only the Leaf Spring. The beam specimen has been taken as case study for its
simplicity, small dimension and presence of only one piezo couple. Some trials
have been carried on using different approaches to model the beam, the
piezoelectric, glue and export keywords, as reported in Table 6.2.

Each methodology was studied in order to preserve the adaptability on large
models and the sustainability of computation time. The method 1 was the initial
approach, considering the Beam specimen as shell 2D and the piezo actuator and
sensor as set of nodes, the method 2 with piezo modeled as shell 2D did not work
properly, the method 3 with glue as a solid 3D required the glue properties difficult
to measure in reality, the method 4 (bold in Table) was chosen for the present work
modeling the piezo as solid 3D and glue with Tied contact, the method 5 is a future
development for thick structures and can be probably more computationally
expensive. The polymeric cover of DuraAct has been considered in the method 3
but rejected in the final release of method 4. The electrodes and cables have not
been modeled.

In Figure 6.2 and Figure 6.3 are reported the detailed views of the piezo models
respectively for the actuator and sensor.

Method Piezo 1 Piezo 2
Prescribed Central node  Nodout
1 Shell 2D Nodes set motion Nodes set Nodfor None
2 Shell2D  Sheliop  Frescribed g iopy Nodout None
motion Nodfor Recforc
) Nodout
3 Shell 2D Nodes set Pres'crlbed Central node  Nodefor Solid 3D
motion Nodes set Recforc
(Glue-Beam)
Nodout
Shell2D  Solia3p  ‘reseribed g iqap Nodefor None
motion Recforc
(Piezo-Beam)
) Nodout
Solid3D Solid3p  Creseribed g na3p el ieme
motion Recforc

(Piezo-Beam)
Table 6.2 — Methods used to model beam, piezo patches, glue and export keywords

Figure 6.2 — Methods a) 1, b) 2, ¢) 3, d) 4 used to model beam, glue, piezo actuator

a-b)-c)- d)-

Figure 6.3 — Methods a) 1, b) 2, ¢) 3, d) 4 used to model beam, glue, piezo sensor

The mesh has been prepared with square 2D elements of size equal to 1 mm for
the beam and with tetrahedron 3D elements of size around 1 mm for the piezo. The
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dimensions of the piezo disk were thickness of 0.5 mm and diameter of 10 mm.
Tied contact is implemented to model the glue between the beam specimen (master)
and the bottom set of nodes of piezo (slaves). The details of mesh and set of nodes
used for Tied contact are depicted in Figure 6.4.

a) b)
Figure 6.4 — a) Mesh of beam specimen with shell 2D and piezo with solid 3D, b) selection of piezo
nodes on bottom (green) and top surfaces (red)

The LS-DYNA keywords mainly used in the FEA models are listed below:

e *BOUNDARY_PRESCRIBED MOTION_SET imposes the
motion of the nodes set on bottom surface of piezo actuator, as in Figure

6.5;

4 LSDYNA keyerord deck by LS-PrePast

(=-08)
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005 o1 ois
b) Abscissa
Figure 6.5 — a) Selection of the set of nodes on bottom surface of piezo actuator, b) Displacement signal
at 50 kHz imposed using the keyword “BOUNDARY_PRESCRIBED MOTION_SET

e *DATABASE NODOUT exports the nodal displacement of the
center node on bottom surface of piezo actuator and sensor in global

coordinate system (X,y,z), as in Figure 6.6;
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“DATABASE HISTORY NODE (1)
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Figure 6.6 — a) Selection of the center nodes on bottom surface for piezo actuator and sensor, b)
Example of Displacement for piezo actuator (red) and piezo sensor (green) exported using the keyword
*DATABASE_NODOUT

e *DATABASE_NODFOR exports the nodal forces of the center
node on bottom surface of piezo actuator and sensor in global
coordinate system (X,y,z);

e *DATABASE_RCFORC exports the interface forces between the
piezo actuator or sensor and the beam in global (X,y,z) and local
coordinate systems, as in Figure 6.7.

‘“i‘rE [¥1RCFORC oT BINARY  LCUR(e|  JOOPT
0.001 3 v o 1 v

Z-forcs (E-03)
T

e
Z-toros (E08)
9 -
T T
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= —
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=
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——

o8 15 2 ¢ s 15 2
b) Time c) Tone

Figure 6.7 — a) Selection of the bottom surface for piezo actuator and sensor, b) Example of Interface
Force for piezo actuator and c) piezo sensor exported using the keyword *“DATABASE_RCFORC

The virtual simulations have been conducted at three different frequencies of
displacement signal: 25, 50 and 75 kHz. In order to optimize and automatize the
procedure of model setup for the input signal, the Hanning displacement signal with
frequency 50 kHz was used as a reference and the time scale function of LS-PrePost
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has been set using a MatLab customized program. This code is able to open the .k
files with the simulation settings of LS-PrePost, modify specific rows and launch
the simulation on LS-DYNA solver for each frequency. The following keywords
have been modified iteratively with the MatLab code:

e *DEFINE CURVE
SFA = 1000*50/(Desired Frequency in kHz)
e *CONTROL_TERMINATION
ENDTIM = 50/(Desired Frequency in kHz)
e *DATABASE BINARY_D3PLOT
DT = 0.01*ENDTIM = 0.01*50/(Desired Frequency in kHz)

The described modelling methodology make the following approximations:

e Radial mode vibration of the piezo is not taken into account;

e Thickness mode vibration of the piezo becomes entirely displacement
on the structure;

e Displacement is measured only in 1 node (central node) with
*DATABASE NODOUT;

e Properties of the glue are neglected;

e Properties of the Kapton cover of the piezo are neglected;

e Real piezo pre-loading due to the Kapton cover is neglected;

e Shell 2D elements are used and the propagation of vibrations in the
thickness is neglected.

6.1.2. Electro-Mechanical Coupling

The need of an Electro-Mechanical Coupling is due to the impossibility for LS-
DYNA software to evaluate electrical variables, but only mechanical displacement
or forces. A specific keyword is under development for the piezoelectric simulation,
but it was not available for the use in this work. The theoretical relations of
piezoelectricity are based on the properties of piezoceramic material contained in
the datasheet of PIC255 material [28] for the DuraAct piezo. The equations for the
thickness mode vibration of thin disks reported in Figure 6.8 were used in this work.

81



Oscillations

Type Mechanical
deformation

o radial @
Thindisk  1° 5 1223 1 b opsem
PR N ” :
o thickness

a)

Electrically Mechanically
induced induced

displacement voltage
(small signal) (small signal)

A0D < 92190
H

dg 4, TH

Input: ATH = dyU Output:v=-
= 0D*

Fa

Figure 6.8 — a) Conventciz:ns for piezoelectric disks, b) types of oscillation and c) electro-mechanical
coupling of inverse and direct piezoelectric effects [28]

The “electrically induced displacement” corresponds to the piezo actuator
excitation related to voltage by Equation (4) of inverse piezoelectric effect. The
“mechanically induced voltage” corresponds to the piezo sensor response signal
related to force by Equation (5) of direct piezoelectric effect.

ATH[mm] = d33U-10°==-= 4-1077 - U[V] (4)
UV] =222 Fy; = —6.37 - 1072 - Fy[N] (5)

e ATH, resulting displacement of the piezo

e U=[-10:10] V, Voltage range used in the experimental tests

e d33=400-10"? C/N, Piezoelectric charge coefficient in direction 33
e 33=25:10" Vm/N, Piezoelectric voltage coefficient in direction 33
e TH=0.2mm, thickness of the piezo core

e OD=10 mm, diameter of the piezo core

For the actuation signal with shape of 5 sines Hanning modulation, the Voltage
has been converted to Displacement according to Equation (4) and then applied to
the model of piezo actuator with the already explained keyword
*BOUNDARY_ PRESCRIBED MOTION_SET.

For the sensor response signal, the Voltage has not been obtained from Force
as indicated by Equation (5). In fact, the Voltage values from Force exported using
the keyword *DATABASE NODFOR did not correlate with the Voltage values
from experimental tests. This could be for one of the approximations of the model
listed before. The incongruence has been fixed with an empiric analogy, especially
studied for the beam specimen and then validated on the other specimens and Leaf
Spring component.
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The relation bases on the replacement of Force with Displacement in the
electro-mechanical coupling to calculate the electrical Voltage. An example of the
calculation steps and a result of the method are reported in Figure 6.9. Two
coefficients have been used to scale the amplitude of actuator and sensor signals,
while the time scale is conserved. The scale factor SF has been applied to the same
Equation (4) of the actuator signal. The coefficient K has been applied to the inverse
of Equation (4) for the sensor signal.

Piezo 1 | Piezo 2 (SIM) ‘ Piezo 2 (EXP) ‘ 03 ' __EXP
0,2
. 01
[
o 0 -w-w*”
SF*4E-6 1.6E-7 6E-2 6E-2 8
CRL |
SIM EXP = . |
0 L\
SF=44.6%, K=2%
ATHmm] = SF*4E-7U V] || U= K*ATH[mm)/4E-7 0,3
SF = Scale Factor K = Coefficient 0 02 04 06 08 1
a for Actuator correlation for Sensor correlation b) Time [ms]

Figure 6.9 — a) Method developed to calculate Voltage from Displacement, b) correlation with real data

Before to discuss the definition of the coefficients, Equation (6) has to be
expressed to estimate the dynamic forces from the mass of piezoelectric, the
displacement and the frequency for sinusoidal operations [28]:

Fayn = 4% -m = f? (6)
Where:

e Fgyn[N] is the dynamic force;

e m[kg] is the mass of piezoelectric disk;
e AL[m] is the displacement;

e {[Hz] is the frequency.

The scale factor SF was designed to calibrate the actuation signal, in the
transmission of vibration from piezo actuator to the structure. It has been calculated
for each specimen, material and frequency, as reported in Figure 6.10. The
methodology to obtain the SF value is describe below:

¢ Run the simulation using the SF=1;
e Check how distant the interface force (between piezo and specimen) is
from the dynamic force estimated by Equation (6);

e [teratively change SF until the interface force is equal to the dynamic
force.
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Figure 6.10 — Scale Factors (SF) for a) Beam, b) Plate and ¢) Simulacrum specimens at 25, 50, 75 kHz

The coefficient K was designed to calibrate the received signal, in the
transmission of vibration from structure to the piezo sensor. A special test has been
prepared joining two piezoelectric patches together with the same glue used on the
beam and maintaining the same thickness. One was the actuator and one the sensor,
with the same modulated signal, as reported in Figure 6.11.

Pi 1 C
iezo
Piezo 2
I
Glue
(epoxy)

Figure 6.11 — Scheme of the special test, ll)))) detail picture of the piezo joining
A simple LS-DYNA model has been set in order to compare virtual and real
results, as can be seen in Figure 6.12. In particular blue curve is the experimental
signal, light blue curve is the virtual data, orange curve is the virtual signal corrected
changing the coefficient K. The green circle is the zone of best fitting, found in the
first sinusoid to avoid reverberances of the vibrations between the two piezo.
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a) Time [s] b) Time [s] PS) Time [s]
Figure 6.12 — Sensor responses from the special test at frequencies of a) 25 kHz, b) 50 kHz, c¢) 75 kHz

Voltage [V]
Voltage [V]

6.2. SHM Virtual Results

In this section are reported the results of the virtual simulations, set accordingly
with the described methodology. All the specimens have been modeled with the
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actuation of piezo 1 at the frequencies 25, 50 and 75 kHz, in free conditions without
constraints due to clamps or bending equipment, in the health condition without
Damage. In fact, the aim was to setup the coupling methodology to correlate the
response of piezoelectric transducers both on small and large specimens made of
different materials.

The Graphs describe for each specimen the simulation of the displacement for
piezo actuator and sensors, and the correlation of displacement for the piezo
sensors. To facilitate the reading, only the results for CFRP material are reported,
while the results for steel and aluminum are collected in the Appendix.

The Figures describe the evolution of wave propagation on the studied
structures at different simulation time. The visualization and the color scales
represent for specimens the displacement in the z-axis normal to the piezo plane,
while for Leaf spring the 1% principal stress normal to the piezo plane in local
coordinate system due to the curvature of the component. Anyway, the stress is
quite representative of the wave propagation on the structure. Because of the small
values, to visualize a significative wave behavior, the virtual results have been
properly scaled up.

6.2.1. Beam Specimen

The Beam specimen has one couple of piezo actuator and sensor, which are
placed in asymmetric positions to evaluate possible waves spread at different time.

Figure 6.13 describes the evolution of wave propagation, in particular: a)
actuation begins, b) waves spread in two directions, c¢) wave reflects on the edge
opposed to piezo sensor, d) 1 wave reaches the piezo sensor, e) 2"! wave reaches
the piezo sensor and constructively interferes with the 1% wave.

Figure 6.14 a) shows that the 1% wave arrives to the piezo sensor 2 at 0.15 ms
for the three frequencies, demonstrating a constant velocity of the wave in the range
25-75 kHz for the CFRP material. The last waves are reflections on the edges.

Figure 6.14 b) reports the Voltage correlation, that is affected by an interference
in the experimental signal before 0.15 ms for all the frequencies, maybe due to the
vicinity of the cables. The FEM model simulates accurately the time of the 1% wave
for all the frequencies, but the virtual methodology applied is able to correlate better
the Voltage amplitude for the frequency 50 kHz. The last waves are not good
correlated, highlighting the capacity of the virtual model to simulate the 1*" wave
received and not the reflections.
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Figure 6.14 — Results at 25, 50 and 75 kHz for Beam specimen made of CFRP: a) virtual Displacement
of piezo actuator 1 and sensor 2, b) correlation between virtual and real Voltage signals of piezo sensor
2

6.2.2. Plate Specimen

The Plate specimen has three couples of piezo actuator and sensor, which are
placed on the centre of each square side to understand the wave propagation on the
plane and to evaluate the analogy of response for piezo sensors 2 and 4.

Figure 6.15 describes the evolution of wave propagation: a) actuation begins,
b) waves spread uniformly with circular propagation, c¢) wave reflects on the near
edge, d) reflected waves constructively interfere mainly in x direction and at 45°
reaching together piezo sensors 2 and 4, e) while the wave in x direction has
completely reflected, the waves on piezo 2 and 4 reflect another time at 45° reaching
the piezo sensor 3.

Figure 6.16 a) shows that piezo sensors 2 and 4 receive the waves
symmetrically at the same time, so their signals are superposed, as expected and
seen before. The waves arrive at 0.15 ms on piezo sensors 2, 4 and at 0.20 ms on
the piezo sensor 3 for the three frequencies.

Figure 6.16 b) and c) report the Voltage correlations for piezo sensor 2 and 3,
that are good for all the frequencies in terms of amplitude and time of arrival of the
first waves. For the frequencies 50 and 75 kHz the piezo response is affected by an
interference in the experimental signal before 0.15 ms, maybe due to the vicinity of
the cables.
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Figure 6.15 — Evolution of the wave propagation on the Plate specimen at 25 kHz, in terms of z-
Displacement at different simulation time
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Figure 6.16 — Results at 25, 50 and 75 kHz for Plate specimen made of CFRP: a) virtual Displacement
of piezo actuator 1 and sensors 2, 3, 4, correlation between virtual and real Voltage signals of b) piezo
sensor 2 and c) piezo sensor 3

6.2.3. Simulacrum Specimen

The Simulacrum specimen has one couple of piezo actuator and sensor, which
are placed one in the centre of the surface and one near the edge.

Figure 6.17 describes the evolution of wave propagation: a) actuation begins,
b) waves spread uniformly with circular propagation reaching the piezo sensor, then
the reflections on the edges produce a superposition of waves visible in c), d), e).

Figure 6.18 a) shows that the 1% wave arrives at 0.10 ms on piezo sensor for the
three frequencies. Figure 6.18 b) reports the Voltage correlations, that is affected
by an interference in the experimental signal before 0.10 ms, maybe due to the
vicinity of the cables. The FEM model simulates accurately the time of the 1% wave
for all the frequencies, but the virtual methodology applied is able to correlate better
the Voltage amplitude for the frequency 75 kHz.
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Figure 6.17 — Evolution of the wave propagation on the Simulacrum specimen at 25 kHz, in terms of z-

Displacement at different simulation time
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Figure 6.18 — Results at 25, 50, 75 kHz for Simulacrum specimen made of CFRP: a) virtual
Displacement of piezo actuator 1 and sensor 2, b) correlation between virtual and real Voltage signals
of piezo 2

6.2.4. Leaf Spring Component

The Leaf Spring has four couples of piezo actuators and sensors, which three
sensors are placed at various distances in the middle of the component and one at
45° respect to the actuator.

Figure 6.19 describes the evolution of wave propagation, in terms of 1%
Principal Stress: a) actuation begins, b) waves spread uniformly with circular
propagation reaching the piezo sensors 2 and 5, then the waves propagate on the
length of the component reaching the piezo sensors 3 and 4, while on piezo sensors
2, 3, 5 continue to receive the waves reflected from the near edges.

Figure 6.20 a) shows that the virtual displacement for all the piezo sensors has
quite the same amplitude and the waves arrive before to piezo sensor 2 then 5, 3, 4
according to their distance from the actuator.

Figure 6.20 b) reports the Voltage correlations, that is is affected by an
interference in the experimental signal before 0.25 ms only for the piezo sensor 4.
All the real responses are in the order of 1 mV, but the FEM model simulates
accurately the Voltage amplitude with the time of the first wave arrived.
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Figure 6.19 — Evolution of the wave propagation on the Leaf Spring at 25 kHz, in terms of 1% Principal
Stress at different simulation time
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Chapter 7

Conclusions

The main goal of this Thesis has been the application of a Structural Health
Monitoring (SHM) system based on Piezoelectric transducers to an Automotive
carbon fiber suspension component.

The proposed methodology was based on testing simple specimens made of
three materials: carbon fiber composite, aluminum, steel. The different geometries,
number of piezoelectric transducers used, combination of test configurations and
loading cases increased in complexity to reach the wider knowledge of the system
response for the final tests on Leaf Spring component.

The definition of the system was original and started from a bibliographic
research on the technical specifications of SHM system provided for the Aircraft
industry. A National Instruments controller has been used for analog control of
piezoelectric patches and data logging. The data processing has been assessed
thanks to a properly developed MatLab program, indicating the Health status of the
structure as a numerical value, called Damage Index. In particular, a series of six
Algorithms that calculate different Damage Index are applied to raw data acquired
in this thesis, in order to identify the best in terms of sensitivity to the particular
conditions of the structures under test.

The research presented had the aim to combine the electronic validation of the
SHM system with the exposure of specimens to loading configurations, in order to
investigate the influence of that on the Damage Index calculation.

The six Damage Index algorithms have been applied for the processing analysis
of two different programs: the “Off-line” program developed to post-process all the
experimental data in a second time respect to the acquisition, and the “On-line”
program developed only for the leaf spring component to post-process the
experimental data at the moment of acquisition.

The Off-line Processing of SHM data have been applied on static tests scanning
all the PZT couples at 100 frequencies from 1 kHz to 100 kHz with steps of 1 kHz.
The PZT 1 remained the actuator for all the iterations and the other piezo patches
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worked as sensors. The static configurations for the specimens and the leaf spring
have been tested, considering the free condition, the clamping, the bending effects.
The main results of the Off-line Monitoring Tests on the specimens are:

e There is a high relation of Damage Index with the stress in the structure;
this can be explained with geometry change of loaded structures, that
affect the ultrasonic waves captured from piezoelectric sensors;

e In the wide range of 1-100 kHz, at the frequency of 75 kHz the Damage
Index Algorithms showed the highest intensity of variation with
bending load changes and damage severity increasing;

e Because of the absence in literature indications about the frequency
selection for SHM data, the greatest variation of Damage Index has
been intended as best sensitivity of system to external conditions;

e The experimental methodology has highlighted the CRC and NRE
Damage Index Algorithms as the most sensitive to the loading variation.

The On-line Processing of SHM data have been executed monitoring all the
piezo couples of the Leaf Spring component at the frequency of 75 kHz, chosen
with the results of the SHM Off-line program. To assess the possibility of the SHM
system to detect damages or variation on the component, a clamp has been used to
locally increase the stiffness and simulate a damage on a Leaf Spring section.

Two real cases have been evaluated on the Leaf Spring: static condition,
mounted on the bending fixture without load, and dynamic condition, with a cyclic
bending loading after an initial phase of calibration in static condition at 0 kN. In
both conditions the majority of Algorithms detected a significative influence of the
bending loading and after the application of clamp on the Leaf Spring for the
frequency of 75 kHz.

A Finite Element Analysis (FEA) has been conducted to understand the
capability of virtual simulation to support the positioning of sensors on the
component to be monitored. The Explicit solver of LS-DYNA has been used
because the vibration phenomenon is time-dependent and its velocity is relatively
high. The virtual simulations have been conducted at the three different frequencies
of displacement signal 25, 50 and 75 kHz, in free conditions without constraints
due to clamps or bending equipment, in the health condition without Damage.

An Electro-Mechanical Coupling methodology has been created to correlate
the electrical variables to the mechanical displacement or forces. The theoretical
relations of piezoelectricity for the thickness mode vibration of thin disks based on
the properties of piezoceramic materials were used in this work.

The evolution of wave propagation on the specimens has been studied, in
particular the virtual animations helped to understand the reflections on the edges
and the preferred direction of waves. The FEM model simulated accurately the time
of arrival for the 1% wave for all the frequencies, correlating better the Voltage
amplitude for the frequencies 50 and 75 kHz.
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Finally, to synthetize the main results of the Thesis, it is possible to state that:

e Piezoelectric Sensors response changes with materials, stress condition
and damage type;

e Damage Index values must be linked to other measurements (e.g.
Strain) when the structure is stressed;

e Frequency of 75 kHz is the most sensitive to Damage and bending load
for Leaf Spring component;

e CRC is the preferred Algorithm to monitor Damage and bending load
for Leaf Spring component;

e Waves received from piezo sensors can be simulated in a good manner
and can support the design phase of the Sensor Network.

The described Damage Index Algorithms need fine tuning and lots of
experiments to ensure reliability of the system for application in the Automotive
field, but the results obtained in this Thesis are extremely encouraging.
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Appendix A

SHM Off-line Data & Results

As described in Chapter 3 for the Off-line methodology, for each specimen and
configuration at 100 frequencies have been realized the representations of:

e raw signal data, as the maximum peak and the maximum standard
deviation recorded for the same data series,

e standard deviation for a Test configuration related to Baseline,

e trend of Damage Index for Test 1 and Test 2 related to Baseline,

e percentage variation of Damage Index for Test 2 related to Baseline
respect to Test 1 related to Baseline.
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Plate specimen
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CFRP on table:

PZT1-2

PZT1-3

PZT1-4

Max Peak Voltage

Voltage [V]

Frequency [kHz)

Max Peak Voltage

0.06
004
S ooz

002

Voltage [

004
006

008

20

@ e
Frequency (kHz]

80

Max Peak Voltage

MNE
A - - ol

80

Voltage [V]

w0 6
Frequency [kHz]

100

St.Dev.(BASE-TEST1)

10

100

Frequency [kHz)
Voltage [V]

e s n o s @@

100
0012
o) 001
=
= 0.008
§
& 0.008
£
L3 0.004
0.002
o
nme[s] m"‘
SLDGV(BASE -TEST1) -w*
7
6
o)
% &0 'S
g -
i :
39
g =
& o 2
20
1
0

103

Tw\e (s]

CFRP on table CRC, CCA, CCO:
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Plate Specimen PZT 1-2, PZT 1-3, PZT 1-4 Percentage Variation of Damage
Index of Damage 2 to No Damage respect to Damage Index of Damage 1 to No
Damage:
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Simulacrum specimen

Simulacrum Specimen PZT 1-2 Percentage Variation of Damage Index of
BEND2 to BENDO respect to Damage Index of BEND1 to BENDO in the three
damage conditions:
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Simulacrum Specimen PZT 1-3 Percentage Variation of Damage Index of
BEND2 to BENDO respect to Damage Index of BEND1 to BENDO in the three
damage conditions:
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Simulacrum Specimen PZT 1-2 Percentage Variation of Damage Index of
Damage 2 to No Damage respect to Damage Index of Damage 1 to No Damage in
the three Bending steps:

SIMULACRUM Bending STEP2 Aluminum Specimen 1 As itis PZT1-2
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Simulacrum Specimen PZT 1-3 Percentage Variation of Damage Index of
Damage 2 to No Damage respect to Damage Index of Damage 1 to No Damage in
the three Bending steps:
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Leaf Spring component
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Leaf Spring BENDO-BEND1-BEND2 CRC, CCA, CCO:
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Leaf Spring BENDO-BEND1-BEND3:
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Leaf Spring BENDO-BEND1-BEND3 CRC, CCA, CCO:
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Leaf Spring BENDO-BEND1-BEND4:
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Leaf Spring BENDO-BEND1-BEND4 CRC, CCA, CCO:
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Leaf Spring BENDO-BENDO-APPEND:
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Leaf Spring BENDO-BENDO-APPEND CRC, CCA, CCO:
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Leaf Spring Percentage Variation of Damage Index of BEND2 to BENDO

respect to Damage Index of BEND1 to BENDO for each PZT couple:
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Leaf Spring Percentage Variation of Damage Index of BEND2, BEND3,
BEND4 to BENDO respect to Damage Index of BEND1 to BENDO for PZT 1-2:
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Leaf Spring Percentage Variation of Damage Index of BEND2, BEND3,
BEND4 to BENDO respect to Damage Index of BEND1 to BENDO for PZT 1-3:
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Leaf Spring Percentage Variation of Damage Index of BEND2, BEND3,
BEND4 to BENDO respect to Damage Index of BEND1 to BENDO for PZT 1-4:
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Leaf Spring Percentage Variation of Damage Index of BEND2, BEND3,
BEND4 to BENDO respect to Damage Index of BENDI1 to BENDO for PZT 1-5:
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Appendix B

SHM Virtual Results & Correlation

Beam Specimen

Beam Virtual Results
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Beam Correlation
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Plate Specimen

Plate Virtual Results
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Plate Correlation
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Plate Correlation
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Simulacrum Specimen

Simulacrum Virtual Results
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Simulacrum Correlation

Aluminum
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Leaf Spring Component

Leaf Spring Virtual Results
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