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Abstract

Nowadays, composite materials are widely used in several industries, e.g. the
aeronautical, automotive, and marine, due to their excellent properties, such as stiffness
and strength to weight ratios and high resistance to corrosion. However, they are prone
to develop Barely Visible Impact Damage (BVID) from low to medium energy impacts
(i.e. 1 =10 m/s and 11 — 30 m/s respectively) that are reported to occur during both
service and maintenance, such as bird strike; hailstones and tool drops. Therefore,
Structural Health Monitoring (SHM) techniques have been developed to allow

identifying damage at an early stage, in an attempt to avoid catastrophic consequences.

Vibration measurement was conducted on healthy and damaged Carbon Fibre
Reinforced Polymers (CFRPs) specimens. Damage is introduced to the specimen
through a static indentation and the work done by the hemispherical indenter measured.
This test was mainly for the purpose of damage introduction in the test samples. In this
work, the effects of damage on the individual mode were studied to understand the
response pattern of the modal parameters. It is intended that the current study will
inform the development of a new damage identification method based on the variations

between healthy and damaged specimen’s dynamic results.

A new modal identification method (“Elliptical Plane”) that uses an alternative plot of
the receptance has been developed in this work. The Elliptical Plane method used the
energy dissipated per cycle of vibration as a starting point, to identify modal constants
from Frequency Response Functions (FRFs). In comparison with the method of inverse,
this new method produces accurate results, for systems that are lightly damped with its
modes well-spaced. The sine of the phase of the receptance is plotted against the
amplitude of the receptance, through which damping was calculated from the slope of
a linear fit to the resulting plot. The results show that, there are other relevant properties
of the plot that were not yet delve into by researchers. The shape of the plot is elliptical,
near the resonant frequencies, whereby both parts of the modal constants (real and
imaginary) can be determined from numerical curve-fitting. The method offers a new
perspective on the way the receptance may be represented, in the Elliptical Plane, which

may bring valuable insights for other researchers in the field. The novel method is



discussed through both numerical and experimental examples. It is a simple method

and easy to use.

Interestingly, as the energy level increases, the percentage changes in both the modal
frequency and damping increases. The linear equations reveal that there is a correlation
between the increase in energy and the percentage variation in modal frequency and
damping, especially from a threshold energy level determined to be between 15J and

20J for the analysed cases.

Finally, modal identification is conducted on the healthy and damaged specimens, and
the results were analysed with BETAIlab software and the Elliptical Modal
identification method. It was observed that the Elliptical Modal identification method
provides some interesting results. For instance, a comparison between the modal
damping from the ellipse and BETAlab methods revealed that, the level of reduction in
the modal damping from the ellipse method is higher than that of the BETAIlab. This

behaviour offers a promising future in the area of damage identification in structures.
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“The time will come when diligent research over long periods
will bring to light things which now lie hidden. A single lifetime,
even though entirely devoted to the sky, would not be enough for
the investigation of so vast a subject... And so, this knowledge will
be unfolded only through long successive ages. There will come
a time when our descendants will be amazed that we did not know
things that are so plain to them... Many discoveries are reserved

for ages still to come, when memory of us will have been effaced.”

— Seneca, Natural Questions
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1 Introduction

Structural Health Monitoring (SHM) is the process of detecting, locating and
quantifying damage in structures for maintenance management to increase the life cycle
of the structure [1,2]. Most processes are based on the identification of deviations from
a “normal” or “healthy” condition. Ideally, deviations should be determined at an early
stage of damage initiation and corrected by conducting suitable maintenance activities
to avoid unexpected failure, thereby improving structural integrity, reliability and
availability [3]. Composite materials have gained wide application in several industries
with the aim of reducing the total weight of structures while increasing its mechanical
properties such as strength and stiffness. Hence, the need to use SHM to detect damage

at its incipient stage of initiation in composite materials is of high importance.

Composite materials have gained wide acceptance in industries such as aerospace,
marine, automotive, civil infrastructures and sports equipment, due to their unique
mechanical properties, namely strength and stiffness-to-weight ratios [3-7].
Composites result from the combination of two or more distinct materials to form a
single material that has enhanced mechanical properties when compared to the
individual properties of the constituent elements. In the particular case of composite
laminates, these are composed of two or more layers that are laid up together [8],
reinforced with aligned fibres [9] and a matrix, such as an epoxy resin, acting as a

bonding medium.

However, during maintenance, assembling, or in use, a composite material is often
subjected to low-velocity impacts which result in Barely Visible Impact Damage
(BVID) [5,10]. This is due to the deficiency in the through-thickness properties of the
composite laminate [11]. The impact on the surface would not show many visible
marks, but a noticeable mark on the opposite side of the material which is usually not
accessible through visual inspection. That could compromise the integrity of the
composite material and reduce its life cycle. In fact, with the presence of BVID, the
material would no longer be safe for use as its mechanical properties may have been

compromised.



1.1 Aim

The overall aim of this research is to provide an understanding of how modal

parameters relate to damage in Carbon Fibre Reinforced Polymers (CFRP) laminates.

1.2 Objectives

In summary, the objectives of this research are:

Design and manufacture test specimens.

Conduct static loading tests to introduce damage.

Carry out vibration measurements of undamaged and damaged specimens.
Analyse the results from both undamaged and damaged specimens.

Develop an alternative method to represent the receptance (A new modal
identification method) that can be used for SHM.

Proposal of a damage identification method.

1.3 Contribution to Knowledge

A novel method for the identification of the modal constants from FRFs, based
on the dissipated energy per vibration cycle. It is mostly suitable for lightly
damped system.

It also offers a new perspective on the way the receptance may be represented,
in a so-called ‘elliptical plane’, which may bring valuable insights for other
researchers in the field.

Other researchers focused on the effects of damage from a global perspective;
this work studied the effects on the individual mode. The benefit of considering
the local mode is that it offers a better representation of the damage location and

its severity in a structure.

1.4 Research Outline

This thesis is divided into six chapters as follows:

Chapter 1 states the aim, objectives and the contribution to knowledge. This chapter

provides the gateway to the research work.

Chapter 2 covers the damage identification procedures, SHM processes, and the

literature review of the failure mechanisms and some of the up-to-date damage



identification techniques for composite structures. This chapter has been published in

Structural Durability & Health Monitoring journal [12].

Chapter 3 highlights the manufacturing process of the test specimen for the research
work, the basics of mechanics of composite materials and its failure mechanisms. An
integral part of this chapter was published in Structural Durability & Health Monitoring
journal [12].

Chapter 4 presented an alternative method to represent the receptance. It presents a
novel method (Elliptical Plane) for the identification of modal parameters. It also
explores ways to minimise the uncertainty on the Elliptical Plane modal identification
method. This chapter was published in Mechanical Systems and Signal processing
journal and presented at the IOMAC'17, Ingolstadt, Germany and VECTOMAC'18,
Lisbon, Portugal [13-15].

Chapter 5 shows the experimental measurements and result from the analysis. In this
chapter, both BETAIlab software and the Elliptical Method, for modal identification
was used to analyse the test data. This chapter has been presented at the BSSM'17,
University of Sheffield, United Kingdom; ECS'19, University of Hertfordshire, United
Kingdom [16,17], and some part of the work has been published in Advances in
Materials Science and Engineering and submitted to Composite Structures journals for

publication.

Chapter 6 summarises the findings in the research work and present suggestions for

future works to be conducted.



“Engineering problems are under-defined, there are many
solutions, good, bad and indifferent. The art is to arrive at a good
solution. This is a creative activity, involving imagination,

intuition and deliberate choice.”

— Ove Arup



2 Review of Literature

2.1 Introduction

The outstanding importance of composite laminates cannot be overemphasised. It has
taken a noticeable place in the technological applications, due to its stiffness-to-weight
ratio and strength, when compared to metals. Industries such as aviation, automobile,

construction, petroleum, marine and nuclear energy, has increasingly used it.

However, despite the numerous advantages of composite laminates, it still has several
limitations. The limitations are its failure mechanisms such as matrix cracking, fibre
fracture, debonding, delamination, fibre pull-out, micro-buckling, and kink band.

Failures do not take place without a trigger that may be a chain of unattended critical
events. Different types of failures occur in CFRPs due to impact loads. Although high,
medium and low energy impact affects composite materials, it is more susceptible to
low and medium velocity impact [5]. To design a better SHM technique, it is necessary

to investigate the root causes of the failure mode.

Several non-destructive techniques such as ultrasound, X-ray, visual inspection,
acoustic emission, and eddy-current have been used for SHM [18]. However, none of
these techniques has a perfect solution for SHM of composite structures; they all have
their peculiar advantages and limitations. Over the years, SHM has evolved and
prompted the development of an online method for monitoring. These methods are
primarily based on information from smart materials, mechanical properties, image

processing, statistical pattern recognition, and optical fibres [18].

This chapter presents a review of the literature on some of the existing techniques for
damage detection in composite materials, with their advantages and limitations. A
summary of the damage identification techniques in CFRPs are presented in a tabulated
format for easy reference.

2.2 Damage ldentification Procedures

According to Rytter [19], there are four steps of damage identification procedures:

i.  Determine the presence of damage in the structure.



ii.  Determine the damage location in the structure.

iii.  Determine the severity of the damage in the structure.

iv.  Predict the remaining useful life of the structure.
Damage identification and localisation in structures require the prior knowledge of the
state of the undamaged structure [20], in order to detect any deviations in the chosen
damage indicators from the experimental results. The presence of damage and its

location in a structure is determined by global and local diagnosis respectively.

2.3 The Process of SHM

Sohn et al.[21] investigated the issue associated with the detection of damage in the
context of statistical pattern recognition paradigm [22]. The paradigm was expressed

as four processes, namely:

I.  Operational evaluation.
ii.  Acquisition of data, fusion, and cleansing.
iii.  Extraction of features and condensation of information.
iv.  Statistical model development for feature discrimination.
Section 2.3.1 to 2.3.4 focused on the review by Sohn et al.[21] and the work presented
by Farrar et al.[22]; a flow chart for conducting SHM process can be found in [22].

2.3.1 Operational Evaluation

An operational evaluation process in SHM provides answers to damage detection
process, such as failure mode for the monitored system, the operational and
environmental conditions at which the monitored system functions, the limitations on
data acquisition from the system in operation and the economic related concerns [22].
Recently, Tjirkallis and Kyprianou [23] used the correlation between maxima decay
lines of the continuous wavelet transform (CWT) of the stress waves from the
monitored system under varying operational and environmental conditions. Although
the proposed method was effective in identifying damage in a system, further work is
required to apply the method continuously for days to a healthy system with an initially

induced crack growth.



2.3.2 Acquisition of Data, Fusion and Cleansing

Data acquisition process focused on choosing a suitable sensor(s) to actuate/acquire
stress in a structure, appropriate position to mount sensors, required number of sensors,
and hardware for data acquisition, storage, and analysis. These decisions are usually
influenced by the economic situation and vary from one application to another. Another
consideration is data acquisition intervals. Depending on the criticality of the system
and the nature of the damage being monitored; data could be collected at periodic
intervals or continuously at specified short intervals to get a piece of broad information

about the damage.

Data fusion is the process of harmonising data acquired from the system with the
different sensors damage detection process. To get the global information about a
structure, multiple sensors are sometimes mounted at several locations on the structure
to acquire stress waves. The data collected from the different sensors are integrated to
ease measurement. It is, therefore, necessary to be able to filter the data from the stream
of data acquired and collect the useful data/reject the unwanted data in the feature
selection process. This process is known as data cleansing.

2.3.3 Extraction of Feature and Condensation of Information

Feature extraction enables the differentiation of undamaged and damaged structure
based on the damage sensitive properties acquired from structure monitored [21,22]. It
IS necessary to compress the information acquired as the quantity of data becomes very
large. Data condensation becomes necessary when several sets of data over the lifecycle
of a structure are to be compared. This process increases the level of accuracy of the

estimates of the feature’s statistical distribution.
2.3.4 Statistical Model Development

When statistical model development algorithm uses the data acquired from both the
undamaged and damaged structures to determine the health of the structure, it is

referred to as supervised learning [20-22].



Algorithms that are applied to data that are not consisting of examples from the
defective structure is referred to as unsupervised learning [21]. According to Sohn et
al.[21], some of the supervised learning methods are neural networks, linear
discriminants, surface analysis and genetic algorithms. On the other hand, examples of
unsupervised methods are control chart analysis and novelty detection methods [21]. In
addition, one necessary issue in statistical model development is to create the sensitivity
of the model features to the presence of defect to eliminate false damage recognition.
In this case, misleading results such as false positives (i.e. detected undamaged sample
identified as damaged), or false negatives (i.e. undetected damaged samples identified

as healthy).
2.4 An Overview of Damage ldentification in Composite Materials

Many techniques have been developed over the years to detect damage at an early stage
in composite materials. However, it is not possible to have a single technique that can
be effective for all loading conditions, material constitution and failure mode. All
techniques have their own advantages and limitations. The application of a technique
can be based on the criticality of the equipment, available resources, and skilled

personnel to apply it.

The aim is to increase the reliability and availability of equipment with the available
damage detection technique at the lowest cost without compromising standards. This
research work, is based on vibration technique and as such more attention will be given
to vibration-based methods. Because, unlike other techniques, vibration-based
techniques offer a clearer and precise information about the state of a structure based
on the dynamic properties of the structure. In this section, a critical review of some of
the damage identification techniques is presented.

2.4.1 Vibration-based

Most vibration-based methods are based on the relationship between the change in the
state of the structure and the change in its vibration response. That is, the change in the
dynamic properties of the structure may be related to the presence of damage. For
instance, the presence of damage in a structure may alter properties such as the stiffness

and strength. Since dynamic models may be described from structural properties of

8



mass, stiffness, and damping, then it is plausible to presume that the vibration responses
of the structure at an undamaged state will differ from the damaged state. Hence, it is
often necessary to have a prior knowledge of the vibration responses of the undamaged
structure to use as a set standard. Vibration-based SHM for damage detection is time-
saving and relatively cost-effective. It can also be applied in real-time monitoring of

structures.

According to Maia and Silva [24], the dynamics of a system with N-degree of freedom
(DOF) can be illustrated with either spatial, modal or response model — that can be

linked to each other by either forward or inverse paths [25].

The dynamic characteristics of a structure, are couched in a spatial distribution of mass,
stiffness, and damping properties represented in terms of matrices of mass [M],
stiffness [K], and damping [C] (for a viscously damped model) or [D] (for an
hysteretically damped model) [25]. Let each DOF be expressed by a coordinate x;(t)
with an applied force f;(t) where i =1,2,3,...,N DOFs, then the model can be
illustrated using the Newton’s second law of motion for hysteretically damped system

as:

[M]{(0)} + [K]{x ()} +i[DI{x ()} = {f(t)} 1)

For a viscously damped system, it is modelled as:

[M]x(0)} + [CHx(O} + [K]x(@©)} = {f(D)} @)

It is quite difficult to deal with the viscously damped model illustrated in Equation (2),
when damping is non-proportional [24]. It is worthy to note that, in real cases viscous
or hysteretic damping is non-proportional. However, to solve the Equations, it is often
useful to consider the approximation that it is proportional, as it eliminates coupling
and we get a diagonal matrix. Hence, proportional damping can be assumed as a special
case of damping and it suggests that the damping matrix is a linear combination of the

mass and stiffness matrices. In the case of the hysteretic damping, this is:

D = a[M] + b[K] 3)



where a and b are real scalars. This kind of damping model is also known as classical
damping or Rayleigh damping. The dynamic behaviour of structures that are subjected
to varying loading is usually illustrated with constant hysterical damping model. Hence,
the Equation of motion will be based on the hysteretic damping. Supposing there is a

general solution of the form:

x()} = (X (4)

where {X} is an N x 1 vector of time-dependent response amplitudes, and replacing it

into Equation (1), we will have:

[[K]—2%[M] + i[D]]{X} = {0} (5)

which is a complex eigenvalue problem, when solved results in the solution described
by N complex eigenvalues A2 and N real eigenvectors ®. The A2 have information on
the natural frequencies of the system and ® contains information on the mode shapes.

The complex eigenvalue A2 can be defined as:
22 = w?(1+in,) (6)

where n,.and w, are the damping loss factor and natural frequency, respectively, for
mode r. It is possible to link the spatial model with the modal model by orthogonality

conditions of the modal matrix:

[@]" [M][®] = [1] 7)
[@][K] + i[D][®] = ['A7] (8)

where [I] represents the identity matrix, [®] is the mass-normalised mode shape
matrix. This implies that the mode shape matrix is a non-singular invertible matrix [25].
Hence, a spatial description of the model can be obtained from the modal model and

conversely.
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However, instead of that, a response model described by Frequency Response
Functions (FRFs) is obtained. Considering the frequency domain in a steady state, the
FRF H(w) can be determined for each frequency w:

X
H(w) = % (9)

where X(w) and F(w) represents the complex response and the complex force
respectively. Also, the FRF can be referred to as receptance, mobility, or accelerance,
based on the complex response being prescribed as displacement, velocity, or
acceleration, respectively. These quantities can be linked with each other by
differentiation and integration. According to Maia and Silva [24], for the case of

receptance, the relationship between the response model and the modal model is:

la(w)] = [@][*AF — w? ] @] (10)

where [a(w)] is the receptance matrix. Hence, starting with a spatial model a response
model was obtained after going through an intermediate modal model. This sequence
is normally executed when theoretical analysis is the starting point. Nonetheless, if the
complexity of systems is such that it is difficult to model it analytically, the inverse
method should be followed where the starting point is the response model with the
experimental evaluation of the system FRFs. There are several methods that allow the
extraction of the modal characteristics of a system from the experimentally obtained
response model [24]. The procedure is known as modal identification. Figure 2.1 shows

the relation between spatial, modal and response models.

Eigenvalue Prob\c_m w , ! .
[[K] - 22[M] + i[D]}(X} = (0} [w(@)] = [@1] 2 -2 | " [@]
_ Forward ——_ o —— Forward ——
[M] [®]
[a(w)]
(K] [D] | 22 |
L Y

_ Inverse ——— T werse ———
(M) = [¢] T [0]* o
[[K] +i[D]] = [cb]—'l"[ \A,z.\ ][¢,]—1 Modal Identification

Figure 2.1 Dynamic models interrelation (hysteretic damping case) [25].
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Each term of the receptance matrix in Equation (10) would be of the form:
N

X, A;

] réijk
. = — = 11
% () Fy Z w2 — w? + in,w?2 (1D

r=1

where X, is the complex response amplitude in the j coordinate and F; is the amplitude

of the applied force in the k coordinate.

2.4.1.1 Modal Strain Energy

Ooijevaar et al.[26] investigated a vibration-based damage identification method
known as the modal strain energy damage index algorithm. The method was applied to
composite T-beams that are vibrating under bending and torsional mode, to detect and
localise delamination. A Laser Doppler Vibrometer (LDV) was used to determine the
FRFs between the point of excitation and the measurement points along the test
specimen. The authors obtained the modal parameters (modal damping factors, natural
frequencies and mode shapes) from the FRF measurements using Experimental Modal
Analysis (EMA). The results show that the measurement of changes in natural
frequencies of the bending mode can be used to detect damage in the specimen.
However, the sensitivity of the damage index depends on the distance between the
delamination and the measuring points. They affirm that as the number of measurement
points reduces, the sensitivity of the damage index to detect damage at some distance

from the measurement points is affected.
2.4.1.2 Frequency Method

Although the frequency response measurement method can be used to detect relatively
small damage in a simple structure, it cannot be generally used on its own to provide

information about the type, size, location, and orientation of damage [27].

Kim [28] identified damage in both laminated composites and sandwich composite
beams using the reconstructed residual FRF-based damage identification method. The
method is based on the differences between the FRFs of damaged and undamaged test
structures. It was found that the changes in the natural frequencies and modal damping
ratios of a composite structure can be used to identify debonding or delamination

because the FRFs are noticeably affected by the global changes in stiffness and
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damping due to the delamination in the composite structure [28]. However, the damage
indicator based on the measured FRF-curve area is not consistent. The FRF-curve area
is the potential energy density of the structures based on the assumption of unit inertial
energy density [28].

Manoach et al.[29] investigated nonlinear vibration models to study the impact of
damage on the vibration response of structures with varied temperatures. The damage
detection method was based on Poincaré maps of responses, which is a standard tool
used for dynamic systems inspection [29]. The authors confirmed from their results that
damage can affect the time domain response of a beam and that a change in temperature
leads to a nonlinear change in the dynamic response of the beam. A useful aspect of
this method is that the prior knowledge of a reference healthy state of the structure is
not required.

Herman et al.[30] used wavelets [31] to detect damage in composite T-stiffened panels,
which are often used in the aviation industry and other light structures. A scanning LDV
was used to measure the displacements and mode shapes induced by elastic stress
waves at different frequencies [30]. They followed a typical approach whereby any
deviation in the modal properties between the undamaged and damaged states is used
to detect and localise damage. They conducted both numerical and experimental
analysis and found correlations between the modal parameters and the presence of
damage, either in the form of cracks or porosity.

Pérez et al.[32] studied the possibility of using vibration-based techniques to detect low
impact damage in composite laminates. The authors assessed and compared four
modal-based damage indicators (frequency shift, mode shape change, curvature mode
shape change and residual load-bearing capacity) by comparing results from
undamaged and damaged states. Additionally, their study investigated the effectiveness
of the damage indicators in detecting damage, its location, and the damage progression
in the test specimen. They found that relative changes in the natural frequencies are
smaller than those observed for mode shapes. However, they also noted that the
sensitivity of the damage indicators depends on the number of measured coordinates

(DOFs) and the number of mode within the measurement frequency range.
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Wang et al.[33] conducted numerical analysis on anisotropic composite laminate plates
and examined the impact damage had on the vibration characteristics. Damage was
modelled as a local reduction of the stiffness. The severity of damage, damage
anisotropy (the ratio of the reduction of stiffness in each direction to the reduction of
stiffness in the longitudinal direction) and damage location, were the damage features
used to describe different damage scenarios in the composite structure [33]. The
dynamic governing Equation was established based on classical theory and the
perturbation method was used to obtain analytical solutions. An FEA was conducted to
verify the effectiveness of their proposed method. The results show that the impact on

the vibration characteristics of the three damage features is not similar.

Unlike the modal curvature and strain energy, the natural frequencies and modal

displacements are less sensitive to damage. The numerical results indicate that:

e Damage in the longitudinal direction has the highest impact on the vibration
response when compared to other directions

e Damage has more impact on the vibration characteristics when it is away from
nodal lines

e An increase in the severity and size of damage results in a reduction in the

natural frequencies and modal strain energy.

Wang et al.[33] suggested that the perturbation-based vibration analysis developed can
be used to assess the impact of damage on the vibration characteristics of anisotropic

plates and also detect damage in laminated plates.

Many other vibration-based methods use aspects of the vibration response. Since these
are very vast, it was decided to further discuss them in different independent sections,

as is the case of transmissibility-based methods.
2.4.1.3 Transmissibility

Transmissibility analysis has gained a lot of attention in the past decade due to its
simplicity of implementation, as it uses conventional vibration transducers and does not
require that the loading conditions are known. In simple terms, the ratio between two

measured outputs (responses at different coordinates) is known as the transmissibility
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function (TF) [34,35]. Among other types of frequency domain system identification
methods, some authors argue that the transmissibility response methods are more
sensitive to local variations in the structure: it is suitable for output-only data from the
structure and it is sensitive to local structural changes [35,36]. In other words,
transmissibility does not consider the excitation force (input data); rather it uses only
responses (output data). Therefore, since it does not require the loads to be known, it
can be considered as a case of the broader area of operational modal analysis (OMA),
tackling at least one issue from EMA. Among the first to explore the concept of
Transmissibility in Multiple Degree of Freedom (MDOF) systems is Ribeiro et al.[37—
39].

In order to reduce or eliminate human error and cost during data collection from
structures, Yi et al.[40] developed mobile sensors to detect damage in civil structure
and transmit it to a computer for processing. They used TF analysis to process the data
extracted from the structure by the mobile sensors, to detect damage in the structure.
The proposed technique showed to can locate damage under certain circumstances.
Furthermore, not many sensors are needed, and it does not require extensive human
effort to operate. However, the authors agreed that more study is required to enable the

mobile sensors to detect a wider range of other potential damages in the structure.

Lang et al.[41] developed a nonlinear output FRF (NOFRF) transmissibility-based
technique to detect and locate linear and nonlinear damage in MDOF structures. The
concept of NOFRF was proposed to analyse nonlinear systems in the frequency domain
[42]. Lang et al.[41] defined the concept of transmissibility of the NOFRF as the ratio
of the maximum order NOFRF linked with two varying output responses of concern in
a nonlinear system. They conducted both experimental and numerical studies to
validate the technique. Results show that the technique is effective, and it can be used
for both detection and localisation of damage in real structures. The technique depends
only on the linear characteristics of the system; hence does not change with the system’s

inputs.

According to Devriendt and Guillaume [43], it was not always feasible to use
transmissibility measurements to identify modal parameters. However, since the

transmissibility changes with the location of the input forces, it can be used to determine

15



the system’s poles [43]. The authors could identify the modal parameters of a structure
by combining transmissibility measurements under various loading conditions. The
loading conditions were achieved by a change in ambient forces or by using an impact
hammer to apply forces at different locations on the test specimens [43]. Unlike the
classical output-only techniques, the transmissibility-based method does not require the
operational forces to be white noise; it can be a swept sine, coloured noise, impact, etc
[43,44].

Similarly, Devriendt et al.[34] detected and located damage frequency domain TFs.
They suggested the use of small frequency bands only that are close to the resonance
frequencies of the structure to determine damage. In addition, the required frequency
band should be selected to improve the reliability of the method. Both numerical and

experimental results were presented to validate the technique of damage detection.

Sampaio et al.[45] summarised the concept of transmissibility and used it to detect and
localise damage in structures. In their work, the special case of the transmissibility
matrix for an MDOF. They assumed that forces are applied at a given subset A only, of
all the coordinates measured, M. Hence, the response at coordinate i can be determined

from:
Xi = {HiA}T{FA} (12)

The remaining M-I responses will be attained from:
Xp-i = [HM—L',A]{FA} (13)

Adding Equations (12) and (13), we obtain:

Xi= {HiA}T[HM—i,A]_l{XM—i} (14)

According to Equation (14), each response X;is given by a linear combination of the

remaining response {X,,_;}. Such relationship represents a transmissibility [45]:

(T} = {Hia) [Hy—ia] " (15)
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The number of remaining coordinates M-I must be greater or equal to the number of
coordinates A. For example, if there are three response coordinates (M=3) and two
force coordinates (A=2). For each coordinate, Equation (14) results to:

X1 =Ti2X + T13X3

X = T21X1 + T3X3 (16)

X3 = T31X1 + T32X;

If zero is added to each transmissibility vector at each i**column, we obtain:

X1 0 Ty Ti3
Xo1=1T21 0 Ty3 (17)
X3 T3y T3, O

where [T] is the transmissibility matrix as a function of the frequency that relates itself
with all the set of measured responses contained in the response vector {X}. It is like
auto-transmissibility [45]. The presence of damage in the structure would indicate
variation in [T], and it will become T¢. The “d’ stands for damage. Their work was
focused on damage detection and localisation. The authors presented a graphical
display of the undamaged [T]and damaged T¢ for each frequency to make it feasible
to visually detect any deviation in the transmissibility coefficients that revealed the

presence of damage in the structure.

According to Sampaio et al.[45], the global matrices for the healthy and damaged cases
can also be obtained by summing up all the frequency range. They assert that, although
the damage location can be revealed by summing up the changes between the
transmissibility maps for all the frequencies, the wide difference that can ensue near the
resonances and anti-resonances will affect the process. From their results, it is shown
that the method they presented has the potential for both damage detection and
localisation. However, the limitation was prevented by counting how many times the

differences in the maximum transmissibility occur in each structural element.

Maia et al.[18] proposed the use of the transmissibility response function to detect and
quantify the severity of damage. They conducted numerical simulations and compared

the results with those obtained from FRFs. The authors also validated the proposed
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method with experimental testing. It was confirmed that the transmissibility is sensitive

for the detection and quantification of the damage extension.

Devriendt and Guillaume [44] conducted a numerical experiment on a cantilever beam
and compared the results from input-output modal analysis based on FRFs and output-
only responses based on transmissibility measurements. It was observed that the correct

system poles can be identified starting from only the transmissibility measurements.

Maia et al.[46] proposed the use of transmissibility with detection and relative damage
quantification indicator (DRQ) to detect damage in structures. A DRQ value of 1 or 0
means no damage or damage exist respectively. To conduct the experiments, the
responses were measured with seven accelerometers mounted on a beam at different
locations. Two shakers were used to excite the beam and two force transducers were
used at the excitation coordinates to measure the applied forces. The level of force
applied on the beam was changed through various rounds of tests. The effectiveness of
the DRQ depends on the Response Vector Assurance Criterion (RVAC) between the
damaged and undamaged response vectors. Since the load applied to a structure
determines the response generated, a correlation that does not depend on load is
required. Transmissibility was used to generate curves that are not dependent on the
applied loads when there was no damage in the beam. As damage increases, the DRQ

value reduces below 1 sharply.

Maia et al.[18] compared the results of the DRQ and the transmissibility damage
indicator (TDI) from numerical and experimental results. The two indicators are based
on the RVAC correlation factor. It was observed that the TDI detects and quantify
damage better than the DRQ. In addition, the more the measurement coordinates for

each applied force, the better the results achieved with TDI.

More recently, Li et al.[47] developed a technique that is based on transmissibility
response measurements to detect and identify the changes in structural damping and
stiffness. They investigated the effects of the local variation in stiffness and damping
on the TFs and observed that there is a considerable difference between the input force
and the variation in stiffness and damping. The authors developed a new damage

indicator that is based on the differences between TFs before and after the variations in
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stiffness and damping. Several simulations were conducted to validate the damage
detection indicator. In addition, factors such as the position of the applied force,
frequency bandwidth and boundary conditions were determined to influence the
performance of TFs [47]. The proposed damage indicator was shown to be effective in

the detection of variations in both damping and stiffness.

Zhou et al. [36] proposed the use of power spectral density (PSD) transmissibility by
conducting a numerical simulation with a cantilever beam. The mechanical stiffness
was reduced in certain elements to simulate damage. The authors excited the damaged
and undamaged beams at a centre node using a simulated impulse force spectrum. In
their study, the results show that the proposed method can detect minor damages in the
beam. It is also suggested that it can possibly be applied to real structures undergoing

random excitation.

To solve the problems associated with the use of multiple sensors in condition
monitoring, as is the case of wind turbines, Zhang et al.[48] proposed the use of the TF.
This is to circumvent the conventional practice of using multiple sensors to determine
the conditions at varying positions, which can be a quite tedious procedure.
Nevertheless, the authors used transmissibility response measurements to generate a
single damage indicator (correlation-based TDI). Both numerical simulations and

experimental data were analysed to verify the capability of the proposed method.

2.4.1.4 Damping

According to Keye et al.[49], the modal damping factors may be a more sensitive
parameter to damage in delaminated composite structures than the natural frequencies.
For example, in order to grasp the correlation between modal parameters and the level
of damage in composite materials, Shahdin et al.[50] conducted an impact test on
Carbon Fibre (CF) entangled sandwich materials to understand the correlation between
the damage level density and modal parameters. They conducted vibration tests on
damaged and undamaged specimens, monitored the changes in the modal damping
factors before, and after the damage was initiated. Heavy and light entangled sandwich
materials were used. The heavy specimens have 2.5 times more resin than the light
specimens do. The results indicated that due to the better damping characteristics, the
light materials are more sensitive to damage compared to the heavy materials. It was
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concluded that damping shows more sensitivity to damage than changes in stiffness.
Therefore, it is suggested the use of damping as a damage indicator for SHM purposes

in composite materials [50].

Montalvéo et al.[51] proposed the use of the Damping Damage Indicator (DaDl) based
on changes in the modal damping factors between undamaged and impact damaged
CFRP laminates for the localisation of damage. The authors claim that this is a cost-
effective approach since only two transducers are needed. However, more transducers
may be necessary to improve the reliability of the modal identification process. Since
this is an EMA based method, a force transducer is required to measure the force at the
excitation coordinate. A Laser Doppler Velocimetry (LDV) was used to measure the
responses at four different coordinates. However, the uncertainty involved in the modal
identification process of the modal damping factors still constitutes a hindrance to its

application.

In order to circumvent the problem with the identification of the modal damping factors
in lightly damped structures, Montalvao et al.[5] proposed a Multi-parameter Damage
Indicator (MuDI) that makes use of a weighted combination of both the modal damping
factor and natural frequency changes. They introduced damage in two different sets of
CFRP laminate plates with different layups (quasi-isotropic and orthotropic). Damage
was introduced following a quasi-static approach [11,52-56] and was measured based
on the quantity of energy released during the procedure. The results from numerical
simulations and experimental tests show that there is a good agreement between the
MuDI and damage in the composite laminates. In another work, it was also found that
as the damage progressively increases, the modal damping factors increases too [6].
However, the authors observed that despite the approximately direct proportionality
relationship between structural damping and damage, the changes of the individual

modal damping factors are not easy to determine.

In an attempt to enhance the precision of the assessment of the modal damping factors,
Montalvéo and Silva [57] have recently proposed a novel method that is based on the
amount of energy released per cycle of vibration of a material. To determine the
effectiveness of the method, both numerical and experimental studies were conducted.

The results of their study show that the proposed method is appropriate for lightly
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damped systems having well-spaced mode[57]. Despite that, it has not yet been shown
if this improves or not the accuracy of the location of the damage in CFRPs when using
either the DaDI or the MuDI.

Gonilha et al.[58] presented modal identification experimental tests on a GFRP-
concrete hybrid footbridge prototype that is made of a thin fibre reinforced deck and
two GFRP girders. First, they excited the deck with an impact hammer and measured
the FRFs. Next, they determined the mode shapes, vibration mode frequencies, and
damping ratios using input-output modal identification based on the method of rational
fraction polynomial, and output-only response data. Finally, they compared the
experimental data with both analytical and numerical simulations to determine the
effectiveness of the simulation tools for GFRP-concrete structures. They confirmed that
the comparison of experimental data with both analytical and numerical simulations
indicates that these models are suitable for the earlier stage of design to detect possible

damages on time.

Kiral et al.[59] studied the effect of impact failure on the damping ratio and natural
frequency of woven-epoxy beams. In their work, different sizes of damage at different
locations on the beam were introduced by impact tests. A non-contact vibration
measurement system was used to record the free vibration responses, and the damping
ratios were determined using the exponent of the free vibration envelope and
logarithmic decrement. Their results show that the damping ratio increases as the

damage level increases and the natural frequencies are less sensitive to damage.

24.15 Lamb Waves

Lamb waves for damage detection have been used for decades and have received much
attention from researchers. The application of Lamb waves for damage detection in
composite materials commenced between the late 1980s and early 1990s [3]. For
example, Su et al.[60] reviewed Lamb wave based damage detection methods for
composite materials. They also discussed the propagation mechanisms of Lamb waves
in composite materials, modelling and simulation, selection of the relevant mode, data

collection and signal processing.
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Lamb waves can be described as elastic disturbances that travel through thick solid
plates without a significant decay in intensity [61]. The two types of Lamb wave mode
are symmetric (S,) and antisymmetric mode (4,). Kessler et al.[3] used Lamb waves
for the detection of matrix cracks, delamination, and through-thickness holes in
graphite/epoxy composite test specimens. The strength of penetration of Lamb waves
through a material is easily determined by their dispersion curves. The curves show the
plot of phase velocity versus excitation frequency and the group velocity versus the
excitation frequency. The curves are generated from the antisymmetric Lamb waves

solution [3]:

tan(cz,/l + {2) N (272 — 1)2 ~
tan(d/€2 + (%) 4021 —{2/&2 — {2 B

where &, {, and d are the non-dimensional parameters used to describe Lamb wave

(18)

propagation in isotropic materials. The non-dimensional parameters are stated as:

C? CZ - ket
P= =g —d=—r (19)
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where ¢, ¢;, Cpnase k¢ and t are transverse (shear) wave velocity, longitudinal
(pressure) wave velocity, phase velocity, wave number, and time, respectively. These
velocities depend on the material properties and can be defined by Lamé’s constants
[62]:

_ E 1= Ev (20)
K=oa+vw " " a-—2na+v)
A+ 2
c2=5; ¢t = M; ke = — (21)
p p ct

where v is the Poisson’s ratio, p is the density, o is the angular frequency, E is Young’s
modulus and u and A are the Lamé’s constants. These Equations are important because
they show that the Lamb waves propagation mechanisms ultimately depend on the
constituent material properties, the reason why they have been proposed by some

authors to be used as SHM sensitive features. The results obtained from Kessler et al.[3]
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experiments indicate that Lamb waves are more sensitive to the local impact of damage
in composites when compared to the use of FRFs, as they can provide more information
on the characteristics of incipient damages. Lamb wave based damage detection
methods provides better information at low frequencies than at high frequencies,
typically in the range of 1 to 10MHz [63]. Despite their capability to detect damage,
they have some limitations. An active driving system is required to propagate the waves
through the structure and the data is relatively complex to interpret [3]. However, they
are suitable for the in situ detection and location of damage in composite materials, and
can possibly locate damage due to the nature of their local response [3]. Cawley and
Alleyne [64] discussed how to excites and receives suitable Lamb mode(s) for better

data representation.

Diamanti et al.[65] inspected a monolithic and sandwich composite beam. The authors
generated A, mode at 15 kHz and 20 kHz using piezoelectric transducers (PZT) and
further applied to the identification of delaminations, matrix cracking, and broken
fibres. The results indicated that damage in the sandwich composite beam and CFRP
beam were detected and located effectively. However, they suggested the combination

of Lamb waves and ultrasonic C-scan techniques to quantify the damage.

Yang et al.[66] adopted finite element models with explicit dynamic analysis to
investigate excitation, data collection methods and transport phenomenon of Lamb
waves through composite materials. They used various models of piezoelectric
actuator/sensors to measure effective shear forces, effective displacements and
effective bending moment excitation mode. The numerical simulations show that the
adopted models for both S, and A, mode produce consistent results. Nonetheless, even
if the sensor model was not suitable for the shear horizontal mode, it was able to

determine the symmetric and antisymmetric Lamb wave mode.

Ng and Veidt [67] proposed the use of an in situ method based on Lamb waves
technique to monitor and locate damage in fibre reinforced composite laminates. The
exact location was detected through a graphical representation. They scanned damaged
and undamaged specimens using networks of transducers. The cross-correlation
between the excitation pulse and the envelope of the scattered signal was analysed to
reconstruct a damage localisation image. The obtained results indicated that the
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proposed technique could effectively detect and locate damages that are within the area

of the network of sensors in the composite laminates

With the intent of increasing the effectiveness and accuracy of Lamb waves for the
identification of delamination in composite laminates, Hu et al.[68] examined the
impact of the Lamb waves excitation frequency on the strength of the signals reflected
due to delamination in CFRP laminates. In their research, the authors chose the 4,
mode to enable them to detect minor damages. Since within a low-frequency band the
wavelength of the A, mode is smaller than the wavelength of the S, mode, A, mode is
more sensitive to minor damages such as transverse cracks and delamination in the
composite laminates [3,68,69]. Hence, Hu et al.[68] investigated the generation and
relationship of the A,wave mode with the delamination at various frequencies. It was
confirmed that there was at least one optimal excitation frequency that produces the
reflected signals with the highest intensity from the delamination. The results revealed
that the optimal excitation frequencies are all within the range of the natural frequencies
of the local delaminated areas like the pure flexural vibration mode — the deformation

pattern of the A, mode.

Okabe et al.[70] evaluated the characteristics of the broadband of Lamb waves
generation using a system that incorporates macro fibre composite (MFC) actuators and
fibre Bragg grating (FBG) sensors. The MFC generates the Lamb waves into the
composite laminates and the FBG is used to collect the emitted signals for analysis.
They separated the Lamb waves in the composite laminate into S, and A, mode by
using MFCs that are localised together to excite the Lamb waves and using two FBGs
installed on the laminate as receivers. Both experimental and numerical analysis were
conducted to confirm the proposed technique. The results indicated that the method

could be used in detecting the size of delamination in a CFRP quasi-isotropic plate.

Manson et al.[71] decided to publish the studies they conducted between 1998 and 2001
on damage assessment in smart composite structures because of the applicability of
their findings. Their studies were phased in two stages: (i) the evaluation of the
suitability of Lamb waves for damage inspection in composite plates and (ii) the
assessment of the application of novelty detection based on Lamb wave scattering for
detecting minor damages in composite plates. The novelty detection is based on the
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difference between the normal condition of the structure and the measured data [71].
Damage was introduced on a square CFRP plate with a 0° - 90° weave of fibres, by
drilling several holes. At the final stage, they introduced BVID, characterised by
internal delamination, through a controlled impact on the composite laminate. A5 —
cycle tone bursts at 280 kHz and 115 kHz was used to excite the S, and A, mode
respectively. The Lamb waves were generated from a piezoelectric disc. The results
obtained indicated that Lamb waves are effective in detecting considerably small
damages in composite laminates. However, changes in the environment of the structure,
operating conditions, like temperature and moisture [23] or variation in the

instrumentation, have a strong impact on the accuracy of the damage detection method.

The effectiveness of the A, mode in detecting small damages within low frequencies
in composite materials has increased its application in SHM. Mustapha et al.[72] used
A, mode to estimate debonding in the sandwich (with a core) carbon fibre/epoxy plastic
(CF/EP) composite structures. Sandwich structures usually are lightweight, possess
high bending stiffness and have excellent dynamic properties [72]. These properties
have increased their applicability in the construction, aerospace and manufacturing
industries. Unfortunately, impact loads tend to initiate debonding between the core at
the centre and the two faces that sandwich it, thereby reducing the component’s
mechanical properties. No matter how small the defects at the skin-stiffener connection
are, they can influence the performance of the structure [73]. The primary limitation of
a sandwich structure is that it hides defects, which makes it difficult to detect damage
through visual inspection and many other NDT methods. Mustapha et al.[72]
investigated the impact of the size of debonding on the delay in time of flight (ToF) and
energy of the reflected signals of the A, mode of low-frequency in the sandwich of
CP/EP composite beams. In their study, they initiated debonding in the beams at
varying locations. They used an active signal generation to activate the signal and a
data acquisition system was used to collect Lamb wave signals for analysis. A 5 —
cycle sinusoidal toneburst was generated and the Lamb waves were collected with a
PZT sensor. In their work, they could locate debonding using the ToF of the waves
reflected by the damage. The results show that A, mode can be used to determine

debonding in sandwich composite beams in the low-frequency ranges of 0 to 30 kHz.
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However, the correlation between the level of debonding and the ToF of the waves

reflected by damage (debonding) was not unique.

Zhao et al.[74] assessed the health of structures by observing the deviation of Lamb
waves during propagation through the structure. The areas where the deviations
occurred were mapped out based on ultrasonic Lamb waves tomography imaging. The
result indicates that tomographic imaging enables the Lamb waves to visually represent

and monitor damage in structures.

Ben et al.[75] suggested the use of ultrasonic-based Lamb waves propagation to locate
and assess damage in composite materials. The presence of damage in a structure would
cause the Lamb waves to deviate from its path of propagation, which is normally in a
straight path, affecting its intensity too. This means that the magnitude of Lamb waves
excited into a damaged structure is reduced when extracted from the receiving end for
analysis. This was the idea behind Ben et al.[75] research work. Their results show the
effectiveness of ultrasonic-based Lamb waves method for damage detection in

composite structures, as confirmed by several other researchers [76-78].

Keulen et al.[79] proposed a sparse network that can identify damage over a wide range
of composite material. They utilised an algorithm that considers the damage
progression history in composite materials for better damage identification in
structures. The method used a hexagonal arrangement of 12 PZTs, against the dense
network of transducers that is usually necessary to monitor larger areas. The Lamb
waves were actuated with one of the transducers through the test specimen and other
transducers were used to receive and collect the data. The results indicated that the
inclusion of damage progression history increased the efficiency of identifying possible

damage within a range of 12 mm of the confirmed damage in the material.

Carboni et al.[78] studied how Lamb waves travel through materials in order to design
a single mode of propagation method for damage identification. This method would
ease the interpretation of Lamb waves. A CFRP laminate was used for the experiment.
They characterised the elastic properties and the scattering behaviour of Lamb waves
propagation through the composite laminate. A statistical approach was used to

determine primary factors affecting the sensitivity response against artificial and
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natural delamination in a composite laminate. One of the results obtained suggested
that the analysis of the elastic signal waves received by PZT sensors could be simplified

by actuating the Lamb waves within the frequency range of 0 - 50 Hz.

More recently, Mustapha et al.[80] used guided ultrasonic wave signals based on a pitch
and catch configuration of PZT actuator and sensors to determine the size of BVID in
CF/EP sandwich beams and panels introduced by a step-wise quasi-static indentation.
They used the deviations in the characteristics of A, and S, mode and correlated them
with the damage size. Three PZTs were installed on the test specimen: one was used as
the actuator and the remaining two as sensors. A toneburst of 60 Volt confined in a
Hanning window serves as the input signal for the actuator. It was observed from the
results that residual deformations on the skin were about the same with the extent of
the dent and the damaged location within the honeycomb core. Again, the modes of

Lamb waves were sensitive to even a 0.2 mm size of a dent on the composite laminate.

2.4.2 Acoustic-based
2.4.2.1 Acoustic Emission (AE)

According to Mba and Rao [81], Acoustic Emission (AE) was originally developed as
a technique for non-destructive testing (NDT) to monitor and sense cracks in structures
and materials. Sensors are used to pick up and analyse the attributes of transient elastic
waves (stress waves) generated by crack growth and propagation [82,83]. When loads
are exerted on a structure that has a crack, the crack may generate stress waves, which
are picked up by the AE sensor mounted on the surface of the structure, as illustrated

in the schematic example in figure 2.2
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Figure 2.2 Stress waves due to the presence of crack in a material under stress [12].

AE is highly sensitive to the development of damage in composite structures. However,
to explore the full potential of AE in SHM applied to composite materials, the velocity
and attenuation of sound wave propagation in composite materials should be known.
AE techniques can be used to study the damage propagation and characterise its failure
mechanisms in composite structures [84]. Mechraoui et al.[85] analysed the
propagation and evolution of velocity of acoustic waves in glass/epoxy composite
materials. In their study, after conducting a static bending test, they analysed the
damage mechanisms based on amplitude correction. They measured the real velocity
based on the difference between the arrival times of each signal and the location of
sensors to localise the different mechanisms of damage on the specimen such as
delamination, crack, and the fibre break. The measured velocity was compared with the
value of the theoretical velocity determined with theoretical model analysis. The AE
could localise the introduced damages on the composite plate. However, based on the
attenuation curve, amplitude correction can be used to enhance the localisation of
damage in the test specimen. With this method, the amplitudes of the signal can be

obtained without attenuations. See more information in [85].

Liu et al.[86] studied the damage growth and the failure mechanisms in carbon
fibre/epoxy composite laminates having different layup patterns with holes at their
centres using AE techniques. They extracted representative features such as counting,

energy, and amplitude with the load history to investigate failure mechanisms of
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composites. Their work was not comprehensive, as they only tried to establish the true

mapping between the AE responses and properties of failure of composites.

Yun et al.[82] investigated the suitability of the AE approach to monitoring the damage
progression in reinforced concrete (RC) beams strengthened in flexure with CFRP
sheets. Their aim was to develop a health monitoring method based on AE techniques
for RC structures that are strengthened with CFRP sheets. They considered the
effectiveness of the strengthening based on the numbers of layers of CFRP sheets and
the imperfections of the construction. To simulate imperfection in the construction, the
CFRP was bonded without adhesive inside 10% and 20% area of the bonding area of
the CFRP sheets. The AE signals were extracted and studied for all test specimens. The
results of their analysis show that, depending on the active mechanism of damage, the
characteristics of the signal — event, amplitude versus duration and amplitude versus

frequency - have differences in the various stages of loading.

Also, Noorsuhada [87] conducted an extensive review of the use of AE techniques for
the assessment of fatigue damage in RC structures. From the review, it was identified
that fatigue damage test of RC structures based on increasing fatigue load is limited,
and AE analyses such as intensity analysis, AE parameter analysis is limited. Aggelis
et al.[88] studied the fracture behaviour of composite cross-ply laminates using both
ultrasonic and acoustic techniques. In their study, they use tension-tension fatigue and
incremental loading until the specimen failed. The results show that AE activity is
highly related to the accumulation of damage in incremental tensile step loading. The
results from the numerical simulation indicate that damage isolates the distinct layers
due to the specific geometry of laminates. Huang et al.[89] suggested an approach for
the localisation of AE in a marble stone using distributed feedback (DFB) fibre lasers,
with the objective of identifying damage in civil structures.

In order to increase the effectiveness of the AE technique for SHM in textile reinforced
cement (TRC), Blom et al.[90] related acoustic emission parameters to the mechanisms
of fracture that contributed the most to the failure of the composite laminate. The
primary parameters of AE signals are the activity, the total number of events, and
energy [91]. Hamdi et al.[92] extracted suitable damage descriptors using the Hilbert-
Huang transform (HHT) for the understanding of AE patterns. This approach
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contributed to the understanding of damage evolution in structures. It provided relevant
results for the extraction of non-stationary acoustic emission waves. Again, Blom et
al.[93] monitored the flexibility of TRC laminates using the AE technique. They
observed that AE could monitor the failure mechanisms and also identify the stress
field. Bravo et al.[94] used the AE technique to examine the process of damage
evolution in bio and green composites. Recently, Fotouhi et al.[95] investigated the
relationship between the corresponding damage mechanism in thin-ply unidirectional
carbon/glass hybrid laminates undergoing tensile loading and AE events. In their work,
they established a criterion that is based on the values of energy and amplitude to
identify the fragmentation failure mode. The evolution of damage in the test specimen
was monitored with the cumulative numbers of the AE signals. It was concluded that
the method can be used to characterise the mechanisms of failure in hybrid laminates

and can detect damage initiation and propagation.

Akil et al.[96] compare the notch and flexibility of pultruded jute/glass and kenaf/glass
hybrid polyester composites by monitoring them with acoustic emission technique.
Pultrusion is a technique used for the fabrication of composite materials with a better
reinforcement, tensile strength, and consistent quality [97-99]. Aymerich and
Staszewski [100] established the use of the nonlinear acoustic technique for detection
of impact damage in composite laminates. They introduced a high-frequency acoustic
wave to a piezoelectric sensor at a location on the composite and receive it with another
sensor. An electromagnetic shaker was used to excite a low-frequency flexural mode
to induce damage. A pattern of sidebands close to the acoustic harmonic in the power
spectrum indicates the damage caused by the impact on the specimen. It was confirmed
that there is a linear relationship between the magnitude of the sidebands and the
severity of damage in the specimen. However, they observed that the responses to
different boundary conditions for the healthy and damaged specimens were not
uniform. Further studies were required to identify and characterise the non-damage

related nonlinearities.
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2.4.2.2 Ultrasonic

Ultrasonic inspection methods are capable of detecting defects (delamination, porosity,
crack, etc.) and providing mechanical properties (e.g., anisotropic elastic constants) on

composite materials after the damage has been introduced [101].

The multi-layered arrangement of composite laminates makes it quite complex to detect
damage when compared to metals. This is due to the anisotropic properties of the
constituent materials and sensitivity to echoes [102]. During the damage detection
procedure, echoes from the particles from the composite materials disturb the elastic
waves from the damage, hence polluting the original signal from the damage. Hence, it
is required to filter the unwanted echoes to detect any incipient damage in the composite

structure.

Matrix cracking in composite laminates has been a source of concern in the engineering
industry because it usually is the first flaw to occur. As such, several techniques have
been developed to detect and locate them during the initiation stage [103]. Aymerich
and Meili [104] analysed matrix cracking and delamination in composite laminates
through ultrasonic inspection. In their work, they scanned test specimens with
ultrasonic obligue and normal incidence in a pulse-echo (or one-sided) mode using a
focused broadband transducer. The results indicated that the technique was effective in
detecting matrix cracking in the composite. However, the oblique incidence ultrasonic
method is more sensitive to matrix cracking, while the normal incidence ultrasonic

method is more effective for delamination.

Kinra et al.[105] established an ultrasonic backscattering method to detect matrix
cracks in ply-by-ply graphite/epoxy composite laminates. The ultrasonic backscattering
method uses an oblique incident beam. A SONIX FlexSCAN ultrasonic scanning
system was used for the data collection. Results show that the identification of matrix
crack in the mid-ply does not depend on the damage in the intermediate plies. In other
words, damage in the intermediate plies does not suggest that the middle plies would
have damage too. Also, Hosur et al.[106] used ultrasonic C-scan to detect and map
delamination in CFRP laminates. They developed software called IMPCTDAM to
analyse the raw images from the C-scan and quantify the level of damage. A C-scan
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enables the determination of the thickness of the material, damage location and possibly
the severity of the damage in it [107]. In their work, they made some general
assumptions based on their results: the impact damage increases as the depth increase
until it attains maximum size; the behaviour of the composite laminate undergoing
compression and buckling due to impact loading can be studied using data from the

maximum delamination and its position, etc.

Ng et al.[102] applied the ultrasonic technique to investigate delamination in multi-
layered glass reinforced plastics. The defect in the glass fibre reinforced laminate was
detected and located with a single transducer based on pulse-echo mode, and the signal-
to-noise ratio was enhanced with the use of a split spectrum processing (SSP) method
to achieve a clear representation of the signal from the damage in the laminates. The
SSP conditioners filter the interfering echoes from the particles of the constituent
laminates. The technique is based on the analysis of the frequency of the signal

spectrum.

In another application, Sharma et al.[108] reaffirmed the effectiveness of ultrasonic
inspection technique in damage detection, by using it to monitor the initiation and
evolution of corrosion in concrete reinforcing bars in concrete after been repaired with
glass and CF sheets. The results obtained show the effectiveness of the ultrasonic
guided waves to monitor the evolution of corrosion in the test structure. Although their
study was conducted at a laboratory scale, it is claimed that it can be extended to a full-

scale structure by scaling up the ultrasonic pulse energy.

2.4.2.3 Acousto-Ultrasonic

Acoustic-ultrasonic (AU) based methods use two ultrasonic sensors, each located at
different points on the test specimen. AU methods are non-destructive evaluation
(NDE) techniques developed around the late 1970s to determine the mechanical
properties of composite structures [109,110]. One of the sensors serves as an actuator
used to initiate the ultrasonic wave through the test material, whereas the other is the
receiver of the reflected AU transient stress wave used for analysis. A pulsing PZT
initiates broadband ultrasonic stress waves in the test specimen [111,112]. This
technique measures the relative efficiency of AU signals propagation across the test
material [113]. The presence of damage in a material reduces the strength of the AU
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signal that is transmitted through it. Gyekenyesi et al.[111] used the AU technique to
investigate the presence of damage and stress levels in two ceramic composites under
loading, unloading, and reloading tensile tests. Their aim was to show the possibility of
using AU as an in situ NDE technique for damage monitoring for two types of silicon
carbide fibre/silicon carbide matrix (SiC/SiC) composite systems and stress
dependence of the AU method. They loaded the test samples mechanically in the
load/unload/reload runs to determine the impact of stress levels on the AU waves. The
results indicated that the enhanced matrix composite labelled HN-C-ENH has a higher
transverse crack density than the standard matrix composite, HN-C-STD. From the
analysis of AU parameters, the mean square value of the PSD was able to monitor the
accumulated damage more consistently [111]. In addition, the AU measurements
related to the HN-C-ENH composites did not indicate stress dependence, whereas the
AU measurements related to the HN-C-STD version did [111].

Loutas and Kostopoulos, [112] monitored the evolution of damage in carbon/carbon
reinforced composite laminates that are subjected to loading, unloading, and reloading,
using AU based methods. The comprehensive details of the experimental method and
material characterisation can be found in [114]. A pulse generator and a transducer were
used to introduce the AU stress waves into the test specimen. A similar transducer was
used to collect the reflected AU stress due to the applied load. It was confirmed that the
AU technique is suitable for monitoring the damage evolution in composite materials,

including delamination [115].

Loutas et al.[116] investigated the efficiency of AU measurements in the development
of damage in CFRP laminates during fatigue tensile loading. Damaged and undamaged
composite laminates were used for the experiment, to compare the deviations in the
measured parameters. They Carbon Nanotubes (CNTSs) to modify the epoxy-matrix of
quasi-isotropic CF reinforced laminates. The aim was to monitor the accumulation of
damage in the test specimens during fatigue. In their work, they also tested four
composite specimens with the measurement of AU signals at 80% stress level of the
maximum tensile stress. The idea was to confirm if the AU wave parameters separated
from the emitted signals change in a monotonic manner, which could be a pointer to
the evolution or accumulation of damage in the laminate. The authors could monitor

the initiation, evolution, and accumulation of damage during the fatigue tests.
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Torres-Arredondo et al.[117] applied AU for the detection and classification of damage
in CFRP sandwich structures. They mounted four transducers separated at equal
distances on the surface of the test specimen and introduced varying types of damage
on the test specimen. The authors used an excitation signal of 12 Hanning windowed
cosine train signal with 5-cycles and a 50 kHz carrier frequency in order to boost the
propagation efficiency of the AU signals through the material. In their study, a method
that is based on the hierarchical nonlinear principal component analysis (PCA), square
prediction measurements, and self-organising maps, was applied to detect and locate
damage. The technique was also able to characterise fatigue damage in aluminium
plates [118].

2.4.2.4 Vibro-Acoustic

Vibro-acoustic modulation techniques are highly sensitive to the presence of
nonlinearities [119]. In the vibro-acoustic modulation technique, the structure is excited
with a pumping signal while it is simultaneously interrogated with a more sensitive
probing signal [119]. According to Aymerich and Staszewski, [120] vibro-acoustic
techniques are sensitive to cracks in structures [119]. Hence, several researchers have
used this technique to detect fatigue cracks in metallic structures effectively [121-123],
but application in composite structures still is limited [124]. Aymerich and Staszewski,
[120] monitored low impact damage in a rectangular laminated composite plate. They
excited the composite plate with a constant amplitude probing signal and slow
amplitude-modulated vibration pumping signal simultaneously. The pumping signal
was introduced to the specimen with an electromagnetic shaker. Experimental results

indicated the amplitude of the sidebands is related to the amount of damage in the plate.

Klepka et al.[125] used a nonlinear vibro-acoustic modulation to detect damage in
composite chiral sandwich panels. The authors used low-profile PZTs to actuate the
ultrasonic wave in the test specimen, and a scanning laser vibrometry (SLV) to acquire
the vibro-acoustic waves. The results show the effectiveness of this technique in
detecting debonding between the composite surface and the chiral core, which was
verified by a classical vibrothermographic analysis [125] and is in agreement with the
results presented in [120]. In addition, Sarigll and Karagozli [126] examined the

impact of the type of composite material, the number of layers and orientation of ply
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on the coupled vibro-acoustic properties of plates i.e, their natural frequencies by

conducting regression analysis.

Klepka et al.[124] also studied the effect of low and high-frequency excitations in
nonlinear vibro-acoustic. The authors observed the nonlinear modulations in ultrasonic
waves due to damage in composite chiral sandwich panels using high-frequency
ultrasonic and low-frequency modal excitations. The spectra of the signal response
indicated only the frequency components related to the propagating ultrasonic wave
and the low-frequency excitation when the specimen is undamaged. In the presence of
damage, there are additional sidebands around the two main ultrasonic components
[119,120,124,125]. The level of damage in the structure relates to a number of
sidebands and the amplitude of the sidebands depends on the intensity of modulation.

Likewise, Pieczonka et al.[127] detected BVID in light composite sandwich panels
using nonlinear vibro-acoustic modulation method. The authors considered different
levels of damage in two damaged and undamaged panels. Vibrothermographic
inspection of the specimens was used to validate the results from the vibro-acoustic

analysis.

2.4.3 Instrumentation-based
2.4.3.1 Sensor Networks

Due to the continuous technological advancement in SHM, composite laminates can be
embedded with sensors in order to enhance effective monitoring and detection of
damage initiation and progression. However, this must be done during the
manufacturing process and it often compromises the stiffness and strength of the
composites. Masmoudi et al.[128] investigated the effects of embedded piezoelectric
sensors on the bending fatigue strength of composite laminates. They examined and
compared the results from composite laminates with and without embedded sensors
using AE to capture and monitor the generated transient elastic waves. A classification
k-means method was used to evaluate the acoustic signature to determine the evolution
and various failure mode in composites with and without embedded sensors. They
observed that the mechanical behaviour of both types of composites indicates no

difference in form, but the composite with embedded sensors was more sensitive to
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damage than the one where the sensor was mounted to the surface of the structure.
Although methods based on embedded sensors are usually cost-effective to implement
[129], care must be taken to avoid excessive weight and reduced mechanical properties
of the composite materials, since the embedded network of sensors will be part of the

structural component.

Ghezzo et al.[130] investigated the effect of integrated sensors on the integrity and
mechanical response in fibreglass epoxy laminates. In their work, monotonic tensile
tests on fibreglass epoxy laminates were conducted to monitor initiation of damage and
detect damage. From the results, it was shown that the initiation of debonding starts at
the bond between the implanted sensor and the composite resin. Due to the high-stress
levels, cracks occur around the specimen. They concluded that, although integrating a
sensor network in composites is feasible and effective for damage identification, care
must be taken in the design of the sensor, the method of integration, data collection,
signal processing and analysis, and the estimation of the changes in the mechanical

performance due to the presence of embedded sensors [130].

Alexopoulos et al.[129] integrated conductive CNT fibres to nonconductive GFRP test
specimens in order to determine the behaviour of the material under different loading
conditions by measuring the variations in the electrical resistance on the CNT fibre.
They correlated the response of the GFRP to mechanical load and the electrical
resistance measurements of the embedded CNT fibres to monitor and detect damage.
The correlation between the two parameters depends on the loading history of the
material. According to the authors, the advantage of using CNT fibres is that they are
easy to insert and do not reduce the mechanical properties of the material. Based on
their results, it was concluded that the CNT fibres have better sensing and damage
monitoring capability of nonconductive composites than embedded CFs and modified

(doped) conductive matrices.

Ksouri et al.[131] installed an accelerometer sensor network on a composite laminate
to examine the response of the composite structure to an impact load. In their work,
they introduced shock propagation waves through the network of accelerometer
sensors. The idea was to compare the responses received from the accelerometers

before and after the initiation of damage. The results indicate that the method was
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suitable for the detection of damage in the composite structure. However, the method

was unable to localise damage in the system.

Giurgiutiu and Santoni-Bottai [132] examined the advantages of the use of embedded
piezoelectric wafer active sensors to impart and receive elastic waves for damage
detection and localisation in unidirectional and quasi-isotropic composite plates. While
some conventional ultrasonic transducers function through the application of vibration
pressure on the test surface, the piezoelectric wafer active sensors function through
surface pinching and are strain coupled with the surface of the structure [132]. The
authors claim that this improves the performance over ultrasonic transducers in the
transmission and reception of elastic stress waves. In addition, piezoelectric wafer
active sensors are less expensive, lightweight and can be used for SHM in large

structures.

Nauman et al.[133] conducted three-point bending tests on multilayer composite
laminate specimens with two embedded sensors at different locations in order to
determine the behaviour of the material during bending. The sensors are positioned in
such a way that they can monitor compression and traction deformations in the material
and can also detect matrix fracture initiation and propagation [133]. The embedded
sensors could generate the stress-strain history of the test specimens. The results from
the three-point bending test provide information on the health of the specimen and data
related to propagation of the crack, delamination, and fracture inside the material under
quasi-static loading. However, there needs to be an improvement of the sensor’s
sensitivity and bandwidth and compatibility between the embedded sensors and with

carbon or other multifilament tows that are used as fibre reinforcements.

Dziendzikowski et al.[134] conducted an impact test on a CFRP laminate with an
embedded network of PZT sensors. The aim was to determine the effectiveness of the
embedded network of sensors in detecting BVIDs. Three impacts with different
energies were applied to the test specimen and the emitted elastic stress waves were
received with the PZT network for analysis. The health of the test specimen was
determined from the selected signal characteristics known as damage indices. However,
apart from damages, other factors such as weather can have an effect on the signal

acquired, which can result in false positive or false negative indications [134]. To avoid
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that, the authors suggested that there should be a balance between the level of sensitivity
of the damage indices to damages and the stability of the damage indices under different

working conditions of the PZTs.

Luo and Liu [135], integrated graphite nanoplatelets (GNPs) into an epoxy/fibreglass
composite laminate. The GNP thin fibre sensor enabled to determine the state of the
local resin curing in the composite material during the manufacturing process [135]. In
addition, it could map out the state of stress and strain in the material when under load.
The embedded GNPs in the composite laminate make the structure smart, in such a way
that it enables the structure to act as a sensor that is capable to self-monitor its damaged
condition. According to the authors, the GNP fibre sensor is currently only suitable for
non-conducting composite materials. Hence, it is yet to be applied to conductive
composites such as CFRPs.

Cenek et al.[136] conducted a series of tests to detect and locate low energy impact
damages in carbon composite materials by embedding piezoelectric sensors in three
different layouts at different depths. The sensors were installed on a lean flexible
printed circuit before integrating them into the composite laminates. The results from
the experiments show that all the layouts could detect the impact energies applied to
the test specimens, but the sensors that are close to the surface of the specimen are more
sensitive. However, even if the authors could detect and locate damage, the method was
not sufficient to determine its type and severity.

As mentioned earlier, one limitation of embedding sensors in composite structures is
that this may impact on their host’s mechanical properties [137], for example through
the addition of weight. This challenge has engaged several researchers in the attempt to
devise means to reduce the weight contribution from the sensors, while at the same time
the reliability and durability are not compromised. Through miniaturisation of the
embedded sensors, the impact may be noticeably reduced, thereby maintaining the
original properties of the composite structure almost unchanged. To this end, Salas et
al.[138] designed a miniature wireless sensor network that works through an
inductively coupled coil. The authors confirmed the possibility of generating power

using inductive coils for a piezoelectric wafer active sensor system in CFRP composites
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for SHM. However, CFRPs are found to introduce limitations in power transmission

due to the conductive nature of carbon fibres.

Lu et al.[139] used FBG sensors to detect structural dynamic response signals from
CFRP structures and extracted the damage characteristic through Fourier transform and
PCA methods. The dynamic response signal was generated by an active actuation
method. From the damage characteristics acquired, they could detect damage with one-
class support vector machines technique and the localisation and severity of damage
were achieved with multi-class C-support vector classification techniques. In their
study, the accuracy of the damage detection was claimed to be above 90%. However,
there are challenges associated with the use of FBGs in composite structures. For
example, Kinet et al.[140] reviewed some challenges due to the use of FBGs in
composite materials. In their study, they analysed the problems linked to the
demodulation of the amplitude spectrum during and after the curing process, the
distinction between the effect of temperature and strain, and the relation between the

integrated optical fibres and the surroundings.

The presence of micro-cracks in the composite structure tampers with its contour by
increasing the surface roughness. Such changes on the surface can be used to monitor
the health of structures and detect damage by measuring the surface roughness [141].
Zuluaga-Ramirez et al.[142] measured the surface roughness of CFRP test specimens
with a confocal microscope in order to assess the development of surface roughness
due to fatigue loads applied to the structure. In their study, loads were applied based on
the standard load sequence for fighter aircraft. The authors thoroughly scanned the test
samples vertically in order not to miss any point. They ensured that every point on the
surface of the test material passes through a pinhole to the focus plane. Results indicated
that fatigue loads are the prime culprits that cause surface roughness, affecting the

topography of the composite structure surface.

2.4.3.2 Eddy Currents

Eddy-current based techniques work on the basis of electromagnetism, whereby the
conductivity of a material can be detected without having contact with it [143].
Khandetskii and Martynovich [144] applied an eddy-current technique to detect
damage near the edges of composite laminates. They used a finite difference method to
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study a two-dimensional model of carbon reinforced composite material that was made
up of alternating layers of the reinforcing fabric and binding material with delamination
on a boundary between layers [144]. The authors mounted a rectangular eddy-current
transducer on the edge of the specimen to generate a vector potential field. The results
obtained from the calculations at different widths of the delamination suggest that the
modulation pulse width due to damage is almost a linear function of the width of the

delamination.

Bonavolonta et al.[145] recommended the use of an eddy-current method based on a
high-temperature superconducting quantum interference device (HTS-SQUID) to
assess a glass laminate aluminium reinforced epoxy (GLARE) structure. The HTS-
SQUID sensor is sensitive to any deviation in the magnetic field due to incipient
damage in the composite material even at a low excitation frequency [145]. The authors
used a steel impactor to introduce different flaws on the GLARE specimen by changing
the level of impact between the range of 5J and 36J. Results showed the effectiveness
of the eddy-current method based on the HTS-SQUID magnetometer to analyse the
various damage stages in GLARE composites. Additionally, experimental results
showed that the mechanical properties of the fibre/metal laminate under stress could be

determined using the eddy-current method based on the HTS-SQUID magnetometer.

Additionally, Bonavolonta et al.[146] expanded the application of eddy currents to the
identification of damage in GLARE composite laminates by using HTS-SQUID and
giant magneto-resistive (GMR) sensors. Their aim was to correlate the performance
and effectiveness of HTS-SQUID and GMR sensors to detect damage in fibre/metal
laminate composite materials. According to the authors, the limitation of the typical
eddy currents is related to the decreasing sensitivity of the search coil with the
increasing lift-off and tilting of the probe. The choice of the two different sensors was
to overcome the primary limitation of the eddy-current technique in damage detection.
In their study, a Teflon and wet cotton were used to introduce defects and porosity
respectively in the test specimens. The results show that the HTS-SQUID sensor has a
higher sensitivity to the porosity inside the test specimen than the GMR sensor, due to
its larger magnetic field. Additionally, the eddy-current method using HTS-SQUID
first order gradiometer and the GMR second order gradiometer could detect internal

flaws in multilayers metallic alloys.
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Yin et al.[143] designed three multifrequency eddy-current sensors to measure the bulk
conductivity, characterise directionality, detection of fault and imaging of
unidirectional, cross-ply, and impact damaged CFRP specimens. The authors simulated
the sensor responses with both analytical and finite element models. From the results
achieved, Yin et al.[143] claimed that the characterisation of CFRP specimens with an

instrument that is based on eddy-current principles is feasible.

Mizukami et al.[147] presented the induction heating assisted eddy-current testing
(IHAET) for the detection of delamination in thermoplastic CFRPs’ welded areas.
Delamination may develop in CFRPS during welding due to several reasons, for
instance: expansion of entrapped air, an insufficient squeeze of air in the bond line due
to insufficient pressure and thermal stresses [147]. To detect delamination in the
specimen, an induction heating was initiated to increase the temperature of the
specimen. The damaged area was identified based on the gradients of temperature
across the specimen. Since delamination increases the temperature of a composite
laminate, the spots with higher temperature indicate the defective locations [147]. The
induction heating improved the effectiveness of the eddy-current testing for the
detection of delamination in the laminate. According to the authors, the IHAET can
detect delamination faster than ultrasonic testing because it does not require scanning
time and a coupling medium. Mizukami et al.[147] used a statistical diagnosis method
[148] known as system identification-F test method (SI-F method) and IHAET sensors
to detect a 2mm deep delamination with an area of 450 mm? in a 4mm thick specimen.

However, the method could not detect delamination as large as 300 mm?.

2.4.3.3 Electrical Resistance

Among other features, CFs have high electrical conductivity. With this property, carbon
fibres can conduct electricity in CFRPs. The presence of damage in the CFRPs may
alter the electrical conductivity of the carbon fibres, due to, for example, the
discontinuity of the fibres. Hence, the fibres in the CFRPs may act as embedded sensors
[149-151] that can be used for SHM [152].

In 1999, Abry et al.[153] conducted a two-stage study on CFRPs: the inspection of the
route of electrical conduction in an unloaded test specimen based on the change of

electrode location, and the implementation of monotonic (tension and compression) and
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cyclic testing of CFRPs of different fibre fractions. The authors observed that the path
of electrical conductivity across the CFRPs occurred in the longitudinal direction of the
fibre and in the transverse direction of the plies. The presence of damage in the
composite laminate reduced the level of electrical conductivity. The advantage of this
method is that it can be used to detect very small damage in terms of fibre breakage.
However, the accuracy of this method depends on how large the through-thickness
resistivity of the fibres is. This implies that the volume of the fibres and location of
electrodes will determine the level of sensitivity of this method to the presence of

damage.

Wang et al.[154] monitored the impact damage on continuous CF epoxy-matrix
composite laminates by measuring the electrical resistance. Their work was aimed at
verifying the possibility of detecting impact damage on CF epoxy-matrix composite
laminates, examining the capability of the oblique and surface resistances for damage
detection in the test composites, and the comparison between the effectiveness of
ultrasonic and electrical resistance measurement techniques. From the results, it was
noticed that the surface resistance is sensitive to fibre breakage and the oblique
resistance is more sensitive to delamination of the fibre. This technique is claimed to

be more sensitive to damage in CF composites than ultrasonic techniques are [154].

Viets et al.[155] used electrical resistance measurements for the identification of
BVIDs in GFRPs that are altered with nanoparticles. They studied the effect of diverse
nanoparticles and filler contents. The determination of the local electrical resistance
changes due to the presence of impact damage introduced on the specimen with an
impact of 7.65J was aided with silver ink electrodes on the test specimen. It was stated
that this technique is suitable for both on-site and off-site SHM of fibre reinforced
plastic (FRP) structures.

Kwon et al.[156] examined the level of sensitivity of CNT paste to damage in
composites using electrical resistance measurements. The dispersion of the CNT in the
epoxy matrices was inspected using electrical resistance measurements and its load-
sensing ability during tensile testing was observed by four-point electrical resistance

measurements. Artificial cracks were introduced into the test specimens and the cracks
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were filled with CNT paste [156]. The variation in the electrical resistance of the test

specimen was used to detect crack progression.

2.4.3.4 Infrared Thermography

Infrared thermography is highly suitable for the monitoring and detection of porosity
in composite laminates. The pore morphology of composite materials is of great
concern in the aerospace industry [157] since the porosity of the material reduces the
mechanical properties of the composite laminates. This could compromise the safety of
the structure. Due to the increasing application of CFRPs in the manufacturing of
critical parts of aeronautical structures, it is important to continuously monitor and

detect any inherent fault in it promptly.

The porosity in the composite normally occurs during the curing procedure due to loss
of pressure in the autoclave [157]. Therefore, effective quality control and inspection
methods should be put in place during production to detect possible voids at the earliest
stage. Mayr et al.[157] assessed the porosity in CFRPs using active thermography. In
their work, X-ray computed tomography was used to determine the level of porosity
and the microstructure of the pores. From the results obtained, it was observed that the
shape and size of the pores in the composite affects the measured thermal diffusivity.
In addition, the experimental result on active thermography correlates with the results
obtained with an ultrasonic method with respect to the influence of the shapes of pores.

Meola and Toscano [158] explored the use of flash thermography to determine the
quantity and distribution of pores in composite laminates. They presented relevant
literature with respect to the use of flash thermography to assess the percentage of
porosity in fibre reinforced composite materials. In their experiment, new data was
obtained from some specimens, which has a different level of porosity, two different
stacking sequences, and insertion of slags in the specimen in order to simulate local
delamination. It was confirmed that the measure of thermal diffusivity using flash
thermography as a porosity evaluation parameter, is a substitute for the ultrasonic
attenuation estimation. The use of flash thermography requires no coupling media,
surface finishing does not affect its use, it can detect defects and assess the level of

porosity within one test [158].
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Meola and Carlomagno [159] used infrared thermography to study the effect of low-
velocity impact on GFRPs. Their work has two objectives: the mapping of the
temperature of the surface of the specimen when impacted and NDE before and after
impact on the specimen. Optical lock-in thermography was used to inspect the test
specimen for possible manufacturing defects. The different energy level was impacted
on the specimen and the material behaviour was monitored with an infrared camera.
The results obtained indicate that during impact there were variations in temperature
within a short time and only high-frequency imaging device could capture it. The
initiation of damage can be determined from the temperature-time maps. In fact, the

increase in temperature corresponds to the onset of the impact damage on the specimen.

Defects in the bond due to delamination, the wrong installation of CFRP to concrete,
and cracking can impact on the integrity of the composite CFRP system [160]. Infrared
thermography testing method has been reliable in detecting and monitoring of bond
defects in composite materials [160]. Tashan and Al-Mahaidi [160] used active pulse
thermography and lock-in thermography to investigate bond defects between layers of
CFRP laminates in concrete and CFRP fabric in steel. The active pulse thermography
works based on exposing the surface of the test material to short temperature
stimulation and recording the temperature pattern of the heated test material as thermal
images, while the lock-in thermography generates heat externally same way as the pulse
procedure but covers a broader range of different thermal frequencies [160]. The results
from their experiment indicate that the maximum thermal magnitude has a linear
relationship with the input heat flux. In addition, the number of CFRP layers determines
how accurate infrared thermography can detect the sizes and shapes of possible defects.
The smaller the layers the more accurate the detection. The capability of this technique
also depends on the heating method, positioning, and inspection intervals.

Montanini and Freni [161] simulated subsurface defects in GFRP laminates used for
the manufacturing of yachts. They used optically excited lock-in thermography to
quantitatively assessed defects in it. The authors assessed the influence of defect aspect
ratio, detectability of defects simulating delamination, and the influence of damages
over the gel-coat finish layer. The results show that lock-in infrared thermography is
very efficient for the detection of defects in GFRP structures. However, some

limitations were evident when used to inspect thick GFRP marine structures, due to
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inhomogeneity, high thermal transmittance, and a low emissivity of the gel-coated
surface. This makes it difficult to measure radiation and flaw sizing. In addition, Maier
et al.[162] study the capacity of infrared thermography to detect low impact damages
in composite plates. The aim of their work was to detect the impact of damaged
locations and provide information on its location for more damage analysis. They
charged the test specimens with specified impact loads to simulate the effect of stone
chips and analysed the specimens with thermography. From the results, it was shown
that impact events were elastic for lower impact energies that are up to 3J. In addition,
at impact energies up to 4J, it was possible to detect the damage by visual inspection.
While impact energies up to 5J and beyond will result in catastrophic damage, making

it very easy to detect visually.

2.4.3.5 Nonlinear Elastic Wave Spectroscopy

The nonlinear elastic wave characteristics are able to indicate early signs of degradation
on a material [163]. Among other researchers, Meo and Zumpano, [164] studied the
suitability of nonlinear elastic wave spectroscopy (NEWS) in the detection of impact
damage in a sandwich panel. This technique detects damages from the presence of
harmonics and sidebands on the spectrum of the acquired signal. These are generated
by the high and low-frequency harmonic signals interaction [165]. In their study, they
generated a high-frequency signal and a low-frequency signal with two distinct PZTs.
Three acoustic sensors were used to collect the response signals for analysis. The
experiment was conducted on damaged and undamaged specimens for comparison.
From the analysis, the nonlinearity of the damaged specimen showed sidebands and
harmonics of the excited frequencies. However, the NEWS technique cannot indicate

the location of damage but its presence alone.

Zumpano and Meo [166] presented a transient NEWS (TNEWS) to detect and localise
damage in a composite panel. The TNEWS measures the variations in the transient
dynamic responses of a structure based on its nonlinear behaviour caused by damage.
The TNEWS detects damage in a three-stage process: acquisition of the structural
responses, detection of damage, and localisation of damage [166]. The authors were

able to detect and localise damage in the test specimen with this technique.
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2.4.4 Artificial Neural Networks

Artificial neural networks (ANN) SHM based methods appeared as a result of the
possible presence of multi-variant damages in a particular structure [20]. ANN is an
approach that is capable of learning when trained and this characteristic has made it
useful in SHM and other engineering applications. The training procedure ends when
the mean-squared-error between the observed data and the ANN results for the entire
element has reached a specified target or after the completion of a specified learning
period [167]. It is an adaptive structure that changes its architecture or input information
that passes through the network during the training phase [168]. It processes input
information, just as the brain does [169]. With the correct inputs, ANN enables
detecting faults and predicting the remaining useful life of materials and structures.
ANN consists of layers of input nodes or neurones, one or more hidden neurones, and
output layers of neurones. The hidden neurones are between the input and output
neurones [170]. The two classes of ANN are feedforward network and feedback
network [168]. The advantages of the ANN technique are that it offers a processing
speed and can process multiple inputs [171]. In fact, ANN can also be used to segment

radiographic images of damage in composite laminates for evaluation [172]

El Kadi and Al-Assaf [173] used the strain energy as the input to a modular neural
network (MNN) to determine the fatigue life of a composite material. They used the
MNN model to reduce pattern interference that could result from various inputs,
including maximum stress, stress ratio, and fibre orientation. Fatigue tests of 2 million
cycles were conducted on unidirectional fibre reinforced composite laminates using a
servo-hydraulic testing machine. A 10% reduction in the elastic modulus for the
specimens with 0° orientation was defined as a failure [173]. They compared the result
from the MNN model, using the strain energy as input, and the result from ANN, with
maximum stress, applied orientation angle, and stress ratio as inputs. The results
indicated that strain energy can be used as a valid sole input parameter to the neural

network to predict fatigue failure in unidirectional composite materials.

Yam et al.[174] integrated vibration responses, wavelet transforms and ANN models.
This was done through numerical simulations and experimental analysis. In their study,

a piezoelectric patch actuator and sensors were used to excite and acquire the structural

46



responses. The wavelet energy spectrum of the decomposed structural vibration
responses was used to acquire the features of damage in the structure and an ANN was
used to classify and detect damage. The results confirmed the suitability of ANN for
detection, location, and classification of damage in composite structures. In addition,
they could establish mapping relationships between the location and severity of damage

and the damage feature of the structure.

Sahin and Shenoi [169] utilised global (changes in natural frequencies) and local
(curvature mode shapes) vibration-based inputs for ANNs to identify and predict the
criticality of damage in FRPs laminates. They obtained the dynamic characteristics of
an undamaged and damaged cantilever composite beam for the first three natural modes
using FEA. In their work, the damage was initiated at six different locations along the
length of the beam. To train the ANNs for the analysis, a different mix of input data
from the first three natural modes of the beam was introduced [169]. They used a variety
of stiffness reductions at the different locations along the composite beam to generate
126 damage scenarios. The results obtained indicated that there is a correlation between

the chosen features that are used as input data and the correct identification of damage.

Watkins et al.[171] used ANNSs to outline damages caused by impacts on the composite
plate. The type of damage and its severity were linked to the strain signals emitted from
the impact on the composite plate. They observed that the impacts that caused damage
had a higher peak strain and a more orderly strain profile than that of non-damaging

impacts.

Just-Agosto et al.[175] combined vibration and thermal signals to detect and
characterise damage in a sandwich composite material using ANN. They studied the
response to various damages in the structure using the transient temperature response
[176] and mode shape curvature (MSC) [177] methods. A numerical analysis was
conducted with finite element and finite volume methods. The data collected from the
numerical simulations were used to train the neural network. The results they got
indicated that the combination of vibration and thermal signatures with the neural
network were effective in detecting damage, identifying the type, its location and
severity [175].
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A vibration-based method with ANN was recently used to establish the fibre volume
fraction in GFRP [178]. The fibre volume fraction has a direct effect on the mechanical
properties of a composite material. Therefore, this could be used for quality control
purposes, for example. In this study, experimental protocols were developed to acquire
the pattern of vibration. They also developed an autoregressive model to classify the
fibre volume fractions and a pole-tracking algorithm to establish the positions of the
autoregressive pole. According to [178], the higher the fibre volume fraction, the higher
the stiffness and the strength of a composite material. However, when the fibre volume
fraction exceeds a certain amount, it may actually reduce the ultimate strength of the
composite laminate [178]. The proposed method by Farhana et al.[178] is only suitable
for unidirectional GFRP.

Jiang et al.[179] used the composition of the composite material and testing conditions
as inputs and mechanical properties (compressive modulus, tensile strength,
compressive strength, flexural strength, specific wear rate and frictional coefficient) as
output parameters of the ANN. The result showed that the ANN could predict the output
parameters based on the input parameters accurately, the reason why the proposed
technique is offered as a possible approach for SHM. However, the effectiveness of the
ANN depends largely on the robustness of the experimental database for the network
training [179]. The larger the database, the more accurate its damage predictability.
Unfortunately, it is not always easy (or even possible) to get such a large set of data in

real-time.

Finally, a comprehensive summary of various damage identification technique and their
applications are presented in Table 2.1. The Table provides an overview of the area of
application of different techniques, their advantages and limitations. The information

can be used as a quick reference to engineers and scientist involved in SHM.
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Table 2.1 Summary of the damage techniques.

Techniques Rytter’s Types of damage
Advantages Limitations Ranges of Application Scale detected in composites
& % Easy to implement; Cost- | Non-unique solutions; Errors in | Aerospace industries; Automobile industries; | Stage |1, | Delamination; Cracks.
S & effective; High sensitivity to | measurements; Environmental | Inspection of civil infrastructure. i, 1,
© TS damage. factors. and IV
S 35
S83
Simple to implement; | Difficult to apply without | Civil engineering; Marine industries | Stage |, | Delamination; Debonding.
Sensitive to local changes in | supervision. (determination of Ship mechanical noise); | Il, and
2 structures; Uses only the Automobile industries (applied to data froma | 11l
E output response; Does not real vehicle); Health monitoring in composite
3 need the operational forces be structures.
£ white noise; Can be a swept
S sine, coloured noise, or
= impact.
o Sensitive to small cracks; | Numerous definitions; Errors | Civil engineering; Aeronautic industries; | Stage I, | Cracks; Delamination;
-g_ Sensitive to wvariations in | involved in finding the values of | Automobile industries; Health monitoring in | 1I,  1ll, | Debonding; Fibre fracture;
S structural stiffness. damping; Difficult to model | composite structures. and IV | Kink  bands;  Micro-
o analytically. buckling.
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Table 2.1 Summary of the damage techniques (continued).

Types of damage
Techniques Rytter’s detected in
Advantages Limitations Ranges of Application Scale composites
Travels over long distances in structure Dispersive nature complicates its Aerospace industries; Automotive | Stage | Cracks;
without deviating; Monitor large area application; Multiple waveforms in industries; Audio and acoustics and Il Delamination; Matrix
from a single point of application; Cost- | single frequency affect its application; | data storage; Production testing; cracking; Broken
effective; Can detect internal damages in | Cannot detect small damages (e.g. Structural testing; Scientific and fibre; Impacts;
§ thin material; High flexibility; Safe, and | localised pitting); Requires skilled medical; Ultrasonic; Pipeline Adhesive defects on
© no harmful radiation; Can inspect parts; personnel for interpretation; No inspection; Bridge cable inspection; stiffness; Porosity.
E Suitable for remote inspection. existing standards to work with. Rail defect detection; Gas cylinder
= inspection; Health monitoring in
S composite structures.
Can detect several types damages caused | Cannot characterise damage; Difficult | Civil engineering; Automobile Stage I, | Translaminar cracks;
by fatigue loading; High sensitivity; to find damage; Requires load industries; NDT testing; I1, and Fibre breakage;
Permanent installation of sensor for application to generate AE event; Machining; Aerospace industries; v Delamination; Fibre
S process control; Fast results and global Requires skilled personnel to correlate | Health monitoring in composite matrix debonding;
‘@ monitoring using multiple sensors; Used | data to the specific damage structures. Matrix micro-cracks
F= for leak detection and location; Suitable mechanism; Attenuation (the test
'-'(j for proof testing; In-process weld specimen can attenuate the AE stress
2 monitoring; Online monitoring; Less wave); A crack that is not propagating
3 intrusive; Remote scanning; Real-time cannot be detected.
< evaluation.
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Table 2.1 Summary of the damage techniques (continued).

Types of damage
Techniques Rytter’s detected in
Advantages Limitations Ranges of Application Scale composites
Easy to interpret; Can detect Limited in depth because of attenuation; Aerospace industries; Material Stage I, Il | Cracks;
g S early stage of damage initiation; | Low contrast due to high attenuation and research; Quality assurance; Bridges; and 111 Delamination;
98 Enhanced sensitivity; Cheap, and | scattering in composites; Variations in Monitoring of weld; Gas trailer tubes; Debonding.
g :)-’. readily available. composite properties affects its Health monitoring in composite
5 £ performance. structures.
Assessment of non-critical Not useful for the detection of Quality control and assessment of Stage I, I, | Translaminar
. g damages; A good indicator of delamination or voids; Mandatory setup damage in composite materials; I11, and IV | cracks; Debonding.
29 accumulated damage due to and pre-calculations before testing; Automobile industries; Aeronautic
3 g impact damage. Surface roughness and texture affect its industries; SHM in composite
<5 performance. structures.

o Sensitive to nonlinearities; Selection of probe and excitation Aeronautic industries; Health Stage I, Il, | Fatigue cracks;
53 Sensitive to cracks; Changes in frequencies needs experienced personnel; | monitoring in composite structures; I11, and IV | Delamination;
53 environmental and loading The position of clamp with respect to the Civil structures; Space industry. Debonding.

S conditions have negligible effect. | location of transducer affects the result.
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Table 2.1 Summary of the damage techniques (continued).

Techniques Rytter’s Types of damage
Advantages Limitations Ranges of Application Scale detected in composites
Can check the damage Add excess weight to the structure; Civil infrastructure; Manufacturing industries; | Stage I, Il, | Cracks; Delamination;
5 initiation and evolution; | Affects the stiffness and strength of | Automobile industries; Aerospace industries; I1l, and IV | Debonding; Matrix
s Cost-effective; High the material. Petroleum industries; Pipelines inspection; fracture; Surface
S precision and sensitivity; Nuclear installations; Tunnels; SHM in roughness.
g Requires little human composite structures.
= effort and a limited
£ number of sensors.
Convenient to apply; No | Only effective in electro-conductive | Health monitoring in composite structures. Stage I, I, | Cracks; Delamination;
2 contact needed. graphite fibre composites; The I1l, and IV | Porosity.
S sensitivity of the search coil
S E decreases as the lift-off and tilting of
8 8 the probe increases.

S Sensitive to small Its sensitivity depends on the fibre Civil engineering; Health monitoring in Stage | Fibre fracture; Fibre
= § g damages; Cost-effective; | volume and the location of the composite structures. and Il pullout; Delamination;
2 85 Suitable for both on-site | electrodes. Debonding; Cracks.
823 and off-site monitoring
eSS o of FRP structures.
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Table 2.1 Summary of the damage techniques (continued).

Techniques Rytter’s Types of damage detected in
Advantages Limitations Ranges of Application Scale composites
Enables remote sensing; Rapid | Generates varying thermal Research and development; State | Translaminar cracks in GFRP
2> coverage of large area; properties in different orientations | Medicine; Predictive maintenance; | and Il composites; Foreign inclusions;
= Relatively easy to use; Can due to anisotropy; Requires Inspection of civil structures; Impact damage; Voids and cracks
= > Figure out the exact location of | sensitive and expensive Process optimisation; Observation in CFRP laminates;
o g damage; Offers a visual picture | instrumentation; Difficult to detect | and investigation; Quality control; Delamination; Accumulation of
§ > of health of a structure; Non- damage that are not close to the Roof surveys; NDT testing; SHM water in composite sandwich
== contact. surface of the structure. in composite structures. panels; Debonding; Fatigue.
o Determination of the thickness | Several effects such as dislocations, | Health monitoring in composite Stage |, Porosity; Matrix properties;
@ of thin test specimen; Detection | micro-cracks lead to various kinds | structures; Aerospace structures. I, 1, Delamination; Cracks;
o a of damage initiation in both of nonlinearity; Difficult to define and IV Debonding; Fracture; Thermal
= § metals and composites; reference samples for scattered damage; Corrosion.
c ® g Detection of accumulated damage; Amplitude determines the
I damage; Characterisation of nonlinear effect.
= =& structure related properties.
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Table 2.1 Summary of the damage techniques (continued).

Types of
damage

Techniques Rytter’s detected in

Advantages Limitations Ranges of Application Scale composites

_ Can mimic a structure (adaptive Skilled personnel required,; Civil structures; Character recognition; Stage I, Fatigue; Fibre

s learning); High processing speed Large database needed for Stock market prediction; Medicine; I, I, fracture

§ and can process multiple inputs; more accurate damage Security (features of fingerprints and and IV

=2 Can be used to segment prediction — but it is difficult | fingerprint recognition system); Robotics;

S 5 radiographic images of damage in to get large data in real-time; | Environmental science, Chemical

= 2 composite laminates; Real-time Complex solutions consume a | technology, science, and nanotechnology;

<2 operation; Handle noisy data. lot of time. SHM in composite structures.

The classification of damage detection methods was first done by Rytter [19].

54



2.5 Prognosis

Prognosis is the last level among the four steps of classification of damage detection
techniques presented by Rytter [19]. It is the prediction of the remaining life cycle of a
system when a fault is already present, which is of high importance to several industries.
Prognosis saves resources, cuts unplanned breakdown of facilities, and gives a window
for maintenance activities or replacement of equipment. Hence, this area of damage

detection has recently received considerable attention from researchers.

Surace and Worden [180] proposed an approach to damage prognosis that takes into
consideration the consequences of uncertainties. It is based on integrating the damage
progression laws within the framework of interval arithmetic. In interval arithmetic,
each quantity is represented as an interval of possibilities ranging between upper and
lower boundary values. They considered two case studies for the approach: the first
case study considers an isotropic finite plate that is under harmonic uniaxial loading. A
central mode I through-crack damage was introduced. They assumed the Paris-Erdogan
law for the damage propagation model. The second case study considers internal
delamination growth in composite plates that is under cyclic compression. In their
work, the crack/delamination length was considered as the interval quantity and the
remaining life of the crisp is defined in terms of the point when the upper boundary on
the length exceeds a specified threshold. Then, the lower boundary becomes the safe-
life of the structure. According to the authors, the number of cycles can also be
considered as an interval quantity and the safe-life of the structure can be decided in
terms of the lower boundary on the lifetime when the length of the crisp

crack/delamination exceeds the specified point.

Furthermore, Peng et al.[181] proposed a prognosis framework for real-time composite
fatigue life prediction. The method of the prognosis combines sensor measurements,
bayesian inference, and a mechanical stiffness degradation model for the prediction of
real-time fatigue life. They used an open-hole test specimen dataset to prove and
validate the proposed method. The authors finally used a prognostic metric to evaluate
the predictions of the proposed model. Among several conclusions drawn from their
results, the remaining life of the test specimen is small when the stiffness is below 0.75

of the stiffness of the undamaged specimen.
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2.6 Concluding Remarks

An updated review of the failure mechanisms in composite structures and non-
destructive SHM testing techniques were presented. Despite the excellent mechanical
properties of composite materials, they are susceptible to impact damage that can result
in unexpected and catastrophic failures. Hence, early damage detection and localisation
in composite materials are of utmost importance in order to avert downtime and human

risks.

Although several methods for damage detection and localisation have been developed,
they all have their own advantages, limitations and scope of application. Also, a
challenge is related to damage size, which makes it difficult to detect until a certain
minimum dimension is attained. However, the quantification of damage and the

prediction of the structure’s lifetime (prognosis) still are the most complex areas.

Most techniques are based on a comparison between undamaged and damaged states
of the materials. A deviation from the data of the undamaged material indicates the
presence of damage. Therefore, the health status of the undamaged material must first

be established and used as a reference.

Currently, the use of embedded sensors in composite materials is trending: composites
are becoming smart materials. This technique enables the material to act as a self-sensor
by detecting and localising damage in real time. However, the integrated sensors add
weight to the structure and change its mechanical properties. Furthermore, these
materials must be manufactured with the sensors beforehand. Therefore, for composite
structures that do not have embedded sensors, other SHM frameworks must be chosen,

depending on many different factors that were illustrated throughout this paper.

Many of the techniques are based on changes in the structural dynamic response, which
includes changes in the modal properties (natural frequencies, damping modal factors
and mode shapes). For composite materials, damping appears to be a suitable damage
sensitive feature. This is because there is a correlation between damping and the energy
dissipated on the composite material during vibration. It is noteworthy to mention that
the natural frequencies can also provide information about the presence of damage, as

this is usually related to a reduction in stiffness, but it is the combination of different
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parameters what usually makes a more robust method. The assessment of
nonlinearities, especially due to delamination, has also shown to be a promising

technique to detect damage.

Nevertheless, experimental uncertainties still are the greatest hindrance to most
methods, reason why no method truly is false-negative or false-positive free. This can
happen when factors such as an increase in temperature, changes in mass due to the
installation of sensors and stiffness variations introduce more differences than damage
itself. Uncertainty is the one primary limitation of structural damage detection and

characterisation.

Based on the numerous papers reviewed, researchers have been more focused on flat
composite plates reinforced with synthetic fibres. There are relatively fewer works on
more complex structural geometries, hybrid reinforced composites and natural fibre
reinforced composites. It would be interesting to assess how the available techniques

would perform with more complex designs.
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““A good scientist is a person with original ideas. A good engineer
IS a person who makes a design that works with as few ideas as

possible. There are no prima donnas in engineering.”

— Freeman Dyson
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3 The Failure Mechanisms of Composite Materials
3.1 Introduction

Due to the high strength to weight and stiffness-to-weight ratios of CFRP composites,
these materials have been widely applied in the aerospace, civil, marine, transport, and
oil industries. However, their complex damage [182] and failure morphologies such as
intralaminar and interlaminar failures [86] constitute a hindrance on their application.
Typical failure mechanisms that will be discussed in this section include matrix
cracking, fibre fracture, debonding, fibre pullout, delamination, micro-buckling, and
kink bands.

3.2 Types of Failure Mechanisms

3.2.1 Matrix Cracking

Matrix cracking is the first type of damage that occurs in composite laminates [183].
This is characterised by cracks that develop between two or more layers that are parallel
to the fibres in the ply and extend through the thickness of the ply [184]. According to
[68,185-187], matrix cracking in carbon fibre/epoxy (CF/EP) laminates occurs across
the whole cross-sectional area of the perpendicular plies. This may or may not trigger
other failure modes, depending on the stresses generated due to temperature variations,
quasi-static loads or impacts. Figure 3.1 shows matrix cracks developed through the
cross-section of a glass fibre reinforced plastic (GFRP) laminate along the reinforced
direction [188]. From figure 3.1, the cracks in the matrix are at an angle of 45 degrees,

following the orientation of the fibres.

Cracks in the
matrix (at 457 +
‘g4l  (Cracks in the
! matrix (at 43

- - e
i A

Figure 3.1 Matrix cracks in the GFRP in the reinforced direction [188].
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Matrix cracking alone does not usually constitute a problem to structural integrity.
However, since it is the forerunner of other (more serious) failure modes in composite
laminates, it has deserved much attention from researchers. For example, extensive
research has been conducted on matrix cracking and its impact on the performance of
composites [187,189-191].

3.2.2 Fibre Fracture

Fibre fracture in a composite structure due to dynamic loading, reduces both the
stiffness (Young’s modulus) and the strength of the composite [192—-194]. For example,
the impact of the fibre fracture on the stiffness of the composite laminate was studied
in [195]. It was observed that the initiation of the fracture mechanism in the composite
has more effect on the buckling load than the reduction of its stiffness. It was also found
that fibre fractures have little effect on the stiffness of the composite when compared
to its effects on the strength of the material. Therefore, the load carrying capacity of a

laminate should be investigated as soon as the fracture is observed.

Davidson and Waas [196] presented a novel method to study the fracture of fibre
reinforced composites. Their study focused on the mode I fracture (opening) of CF and
glass fibre unidirectional composites under quasi-static loading. They found that crack
progression shows smooth and discontinuous responses. A simple algorithm based on
the critical fracture internal stress or strain, and a critical material specific crack velocity

was used to validate the experimental results.

Bedsole et al.[197] introduced carbon nanotubes into the interlaminar zone of
unidirectional CFRP composite in order to enhance the properties of interlaminar and
intralaminar fracture under dynamic and quasi-static loading conditions. They studied
the dynamic interlaminar crack initiation and propagation in a fibre reinforced
composite material under dynamic loading using a digital image correlation. Although
their results indicated that carbon nanotubes improved the fracture toughness of the
material when under dynamic and quasi-static loading conditions, they did not improve

the critical stress intensity factor.

Vaughan and McCarthy [198] presented a micromechanics damage model to study the

impact of intra-ply properties on the transverse shear deformation of a CF/EP
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composite. They observed that the thermal residual stress has a high influence on the
initial damage location in the microstructure but has less influence on the overall shear
response. It was also found that due to the thermal residual stresses, the transverse
fracture surface contracted slightly under the combination of transverse normal and

shear loading.
3.2.3 Debonding

Debonding normally occurs at areas with high interfacial stress concentration, [199]
which are related to the presence of cracks. See figure 3.2 for CFRP debonding. When
subjected to an impact load, a large part of the fibre may be pulled off when adhesion

fails.

Figure 3.2 Fibre matrix debonding [200].

Several factors such as differential thermal stress, crack, ageing structure [201,202],
low-velocity impact, environment and poor design method could be responsible for

such a phenomenon to occur.

Although debonding is not the primary cause of failure in composite materials, it
compromises the strength at its location and the surrounding fibres, which may result
in a breakdown when overloaded [203].
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3.2.4 Delamination

Delamination in fibre composites is mainly caused by impacts from foreign objects. It
is one of the most vital failure mode in composite materials because of the strength of
the composite laminates is inversely proportional to delamination [204]. That is, as the
rate of delamination increases, the cohesion between the plies of the composite reduces.

Hence, it is necessary to understand if delamination has initiated.

A penalty-based perspective was proposed by [205] to detecting delamination in
composite laminates. Schon [206] developed a model to determine the fatigue
delamination growth rate in a composite laminate. The model needs to experimentally
determine the critical static energy release rates, delamination growth rate at which the
critical energy release rate for quasi-static loading is reached, the delamination growth
rate, and the threshold value of energy release rate of the delamination crack during a
fatigue cycle. Also, [207] evaluated crack initiation and propagation, which influence
the delamination process under mode | and Il fatigue loading in the composite material.
It was concluded that the accumulation of resin and the manufacturing procedure of the
composite laminate have a high impact on the fatigue curves of delaminated specimens.

3.2.5 Fibre Pullout

Weak bonding within the laminates is the major cause of fibre pullout. Pochiraju et
al.[208] studied the stresses caused by fibre pullout when the fibre matrix experienced
frictional sliding and underwent compressive thermal residual stresses. They applied
asymptotic analysis and Muskhelishvili-Kolosov theory to solve the stress within the
area where the fibre was pulled out. A fibre pullout test is therefore required to
determine the thermal mechanical properties (stiffness and strength) of the interfaces
in a CFRP [209]. Two methods are used to conduct fibre pullout tests, namely single

pullout test and multiple pullout tests.

Although a single fibre pullout test is easier to apply, it is not suitable for fibres with
small diameters [210]. The multiple fibre pullout test method uses a large portion of
fibres, and it gives the comparable results to the single fibre pullout test. Yue and
Padmanabhan [210] used the multiple fibre pullout test technique to determine the

possibility of increasing the interfacial strength of kevlar fibre/epoxy composites. In
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Analysis of the Response of Modal Parameters to Damage in CFRP Laminates using a

Novel Modal Identification Method

addition, Jia et al.[211] proposed a numerical method to probe the fibre pullout in a
carbon nanotube (CNT)-hybridised CF. The result shows that the additional bonding
of the CNT matrix interface can increase the specific pullout energy and the interfacial
shear strength of the hybrid fibre.

3.2.6 Micro-buckling

Fibre micro-buckling reduces the compressive strength of CFRPs [212-214]. It affects
the mechanical properties and matrix of the composite laminates (figure 3.3). The local
failure and matrix crack occurs due to micro-buckling [215]. Several researchers have
conducted an experiment on the cause and effect of micro-buckling in composites.
Berbinau et al.[216] examined the shear strains that developed in the matrix as a result
of fibre micro-buckling. It was confirmed that fibre failure starts on the compression

side of a composite, where the maximum fibre curvature occurs.

Micro-buckling

Figure 3.3 Fibre micro-buckling [215].

Mohammadabadi et al.[217] studied the thermal buckling of micro-composite
laminates and the impact of shear deformation in the composite laminate. In addition,
Huang et al.[7] proposed the use of finite element analysis (FEA) to study micro-

buckling in a laminated composite plate.

3.2.7 Kink Bands

A kink band is a deformation that has a pronounced twist of the fibres with a deviated
orientation from the original orientation on the composite laminate. It occurs due to

fibre dislocation or plastic micro-buckling in the composite laminate [218], which is
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caused by compressive force (See figure 3.4). Kink bands reduce the compressive
strength of a composite laminate. When formed, it expands continuously at a constant
stress level known as propagation stress [219]. Budiansky et al.[220] examined the
transverse and band broadening kink propagation based on nonlinear couple stress
theory of composite kinking in one dimension. Recently, Svensson et al.[221]
developed a model to estimate the cohesive law related to kink band evolution in a

unidirectional composite laminate.

Figure 3.4 Kink band [222].

Despite the immense studies conducted by several researchers to ascertain how
compressive failures occur, it has not been easy to estimate the compressive failure in
a unidirectional composite. An increase in compressive load introduces fibre damage
in the composite. Kink bands could be triggered by the transverse movement of fibres
that are close to broken fibres due to shear failures at various frail defects [223]. The
initiation of kink bands on a composite laminate drastically reduces its strength and
causes it to fail. This was analysed experimentally and through analytical models by
Bazant et al.[224]. It was confirmed that the size of the kink band has a noticeable effect
on its propagation. Vogler and Kyriakides [225] experimentally analysed APC-2/AS4
thermoplastic composites and observed that the quasi-static propagation of kink bands
occur at a stress point as high as 40% of the toughness of the undamaged material.

Gonzalez-Chi et al.[226] measured the distribution of axial stress around a kink band
on a fibre installed in a thermoplastic model composite using Raman spectroscopy
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technique. They found out that the maximum interfacial stress was close to the kink
band where the bond between the fibre laminate is still intact. Hsu et al.[227] simulated
the steady state broadening of kink bands with a micromechanical model as examined
by Vogler and Kyriakides [219]. The model could forecast the propagation stress
remarkably. Likewise, Pimenta et al.[228] developed a micromechanical model for the
formation of kink bands in a unidirectional fibre reinforced composite. This study
followed the one from Pimenta et al.[229]. The model could forecast the width of the
kink band, the deviation and primary stress fields in fibres and matrix at various phases
of the formation of the kink band, the longitudinal compressive toughness of the

composite, and the direction of the fibres when the failure was initiated in the fibre.

Furthermore, Pimenta et al.[229] investigated the inception and the propagation of kink
bands using numerical models and experimental examination. The results show that the
formation of kink bands is related to the weakening of the matrix, whereby the fibres
around the compressive area fail before any other location. The rate at which kink band
releases energy for a unit load decreases initially but increases at a certain length of
propagation [230].

3.3 Concluding Remarks

Some primary failure mechanisms in composite structure have been extensively
discussed. The aim is to highlight the common failures expected in this research work.
The first failure to occur in a composite material is matrix cracking between layers that
are parallel to the fibres in the ply. Through this failure mode, other failure modes may
occur, for example fibre fracture, etc. The dynamic loading on composite materials
could result to possible fibre fracture. Which could impact the stiffness and strength of
the structure. This suggest that the load carrying capacity of such structure would be

compromised when fibre fracture occurs.

The high interfacial stress concentration in a composite material result to debonding,
which also compromise the strength of the material within the vicinity of its occurrence.
Also, the compressive strengths can be compromised by fibre micro-buckling and kink
bands failure modes. In addition, the presence of foreign object in a composite material

could result to delamination. This failure mode is very critical because it is inversely
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proportional to the strength of the composite material. Hence, it is important to monitor

its occurrence in a composite structure to avert an unforeseen disaster.
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“Research ... is nothing but a state of mind - a friendly,
welcoming attitude toward change; going out to look for a change
instead of waiting for it to come. Research, for practical men, is
an effort to do things better.... The research state of mind can

apply to anything-personal affairs or any kind...”

— Charles F. Kettering
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4 Representation of the Receptance in the Elliptical Plane

4.1 Relevance of the Representation of the Receptance in the

Elliptical Plane

The modal parameters of a structure offer information about its behaviour towards any
mechanical disturbances (for instance vibration) and damage. This chapter is focused

on the following:

The estimation of the modal damping from the FRF when represented in the
Elliptical Plane
e The estimation of the modal constant from the FRF when represented in the
Elliptical Plane
e To compare the modal identification Elliptical Plane based method with
existing method
e To find the damping factor
e To compare the uncertainty in the estimation of the damping factor from the
FRF
e To compare the uncertainty in the determination of the damping factor with
other existing methods
e To answer the question, can the ellipse area changes be related to damage?
It is pertinent to note that the area and shape of the ellipse depends on the modal

constants, which are local properties, while damping is a global property [5].

4.2 Introduction

Since the early 70s, many researchers have addressed the challenges associated with
the procedures of modal identification [24]. All the available modal identification
methods have different amount of sophistication and need the utilisation of software

that may be expensive to procure.

The Operational Modal Analysis (OMA) has gained more attention than the traditional
Experimental Modal Analysis (EMA) in the past few years. For instance, some of the

past improvements in OMA identification techniques are presented in [231-234]. In
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terms of EMA, later publications are more focused on engineering applications or
dealing with uncertainty in existing techniques, as can be found in [58,235,236]. OMA
deals with Operational Deflection Shapes (ODS) and many often make use of output-
only measurements, this means that excitation loads are not known. EMA utilizes the
input forces and output responses to estimate modal parameters and mode shapes. In
the past three decades, several modal identification algorithms have been developed
[237]. However, even though some improvements have been seen in terms of EMA
modal identification techniques [58,236,237], in recent years, some interesting results

has been achieved.

If the aim is to determine the global modal characteristics, it is possible to use simple
procedures that give quick estimates of the required information. Recently, the issue of
identification of the modal damping factors has been presented in [57,238] from a
different point of view. In that novel method, the dissipated energy per cycle of
vibration was the starting point instead of the governing Equations of the dynamic
motion as is the norm. The proposed approach is based on a special plot of the
receptance, whereby the sine of the phase angle and the amplitude are the vertical and

horizontal axis respectively (similar to the Nyquist plot of the receptance).

As is illustrated in this work, this plot has unique properties, one of which is that the
data points around a resonant frequency depict a loop that is shaped like the half of an
ellipse. Also, it is illustrated that the major and minor axis of the ellipse are related to
the modal constants, which can be determined using numerical extrapolation
techniques. The importance of modal constants cannot be overlooked, because they
provide information about the mode shapes (local modal characteristics) which, in the
general case of non-proportional damping, are complex quantities [24]. The modal
identification methods seek to extract from experimental data the modal parameters that
characterise the dynamic behaviour of a structure [239]. Therefore, a modal model is
derived through the determination of the values (for each mode of vibration) of the
natural frequency (not investigated in this work), damping ratio (examined in [57,238])
and complex modal constant (investigated in this work). Once the modal model is
known, it can be utilized in diverse areas of structural dynamics, i.e. structural

modification, coupling techniques (including mass cancellation), finite element
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updating, transmissibility ~ and structural health monitoring, etc.
[20,21,24,38,44,240,241].

This work shows the development of a new proposed procedure for the determination
of the modal constants and demonstrates its application using both numerical and
experimental examples. The proposed technique highlights a useful representation of

the modal properties.
4.3 Theoretical Development

This section lays the foundation for the theory of modal response of structures.
4.3.1 Definitions

The general Equation of motion for a Single Degree of Freedom (SDOF) viscous

system (see Figure 4.1) is given by:

mi¥ + cx + kx = Fe'®t (22)
where m represents the mass, ¢ represents the viscous damping coefficient, k

represents the stiffness, F represents the amplitude of the oscillatory force, t represents

the time variable and i = v/ —1 represents the imaginary number.

e
K C

Figure 4.1 Mass-Spring-damper system.

When the system is excited by an harmonic force at a frequency w, it can be shown
[24,242,243] that for each vibration cycle the system dissipates — through its viscous
damper — an amount of energy that is directly proportional to the damping coefficient,

the excitation frequency and the square of the response amplitude X:

70



T
Wyiss = f fxht = mcwX? (23)
0

where T = 2m/w is the time period of oscillation. However, experimental evidence
from tests performed on a large variety of materials show that the damping due to
internal friction (material hysteresis) is nearly independent of the forcing frequency but
still proportional to the square of the response amplitude [242], i. e.:

Wyiss < CX2 (24)
where C is a constant. Therefore, from Equations (23) and (24) the equivalent damping

coefficient is:

c=— (25)
Tw w

where h is the hysteretic damping coefficient. Under such conditions, Equation (22)

can be re-written as:

h ,
m5c'+55c+kx=Fe”"t (26)

If the stiffness is a complex quantity, i.e., defined as the sum of the stiffness itself (k,

is the real part) and the damping coefficient (h, is the imaginary part):

k*=k+ih=k(1+in) (27)
where,
n=nh/k (28)

and knowing that x = iwx for harmonic motion, Equation (26) may be re-written as:

mi + k(1 + in)x = Fe'®t (29)
Based on Equation (29) it is concluded that the dissipated energy per cycle of vibration

is independent of the forcing frequency.

4.3.2 Determination of the Hysteretic Damping

The experimental measurement of the hysteretic damping factor can be conducted by
means of cyclic force-displacement tests in the elastic domain [244]. It can be shown

that the energy dissipated per cycle of oscillation is given by the ellipse area of the
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force-displacement plot during a complete cycle. Rearrangement of Equations (23),
(25) and (28) result in:

Wyiss = ThX? = mnkX? (30)

This area, the integral of the force along the displacement, conforms to the non-
conservative work done per cycle. That is to say, in a plot of force vs displacement at a
particular frequency, damping can be regarded as a means that initiates a lag between
force and displacement and appears as an elongated ellipse [15,242]. Moreover, from

[243], it can be demonstrated that the dissipated energy can be written alternatively as:

Waiss = TFX|sin(0)| (31)

where @ is the phase angle between the force and the displacement response. From
Equations (30) and (31) a relationship between the hysteretic damping coefficient, the

displacement, the force, and the phase angle can be established as:
h = glsin(e)l (32)

For harmonic motion, the ratio between the force and the displacement is a transfer
function usually stated as Dynamic Stiffness [24]. Often, in experimentation, the
receptance is measured instead, which is the transpose of the Dynamic Stiffness. For
harmonic motion, it is stated as:

x(w)
f(w)

a(w) = (33)

The quantities x(w) and f(w) are the complex response and complex force with
amplitudes X(w) and F(w) respectively. If H(w) represents the amplitude of the
receptance, then Equation (32) can be re-written as:
|sin[8(w)]| = h- H(w) (34)
The aim of all this development was to state Equation (34). This can be further stated
as:
|sin(@)| =h-H (35)
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It can be deduced from Equation (34) that the hysteretic damping coefficient h can be
determined from the measurement of the amplitude and phase of the receptance. Once
the stiffness is known, Equation (28) allows determining the hysteretic damping factor
n. The estimation of the damping factor and the generalisation to MDOF systems is
discussed in detail in [57,238].

If Equation (34) is plotted in a plane composed by the vertical axis y = sin(8) and the
horizontal axis x = H, it should be evident that it look much like the Equation of a
straight line with slope h. However, it also has other vital properties, examined in the

following sections.
4.3.3 Determination of the Real and Imaginary Parts of the Modal Constant

The receptance of a MDOF system can be shown as [24]:

N —

A,
= 36
“ Zwﬁ—wuumwz (36)

r=

where A, is the complex modal constant and w, is the angular natural frequency, for
mode r, and N is the number of DOFs. If the modes are well-spaced, close to a
resonance w, the effect from other mode is negligible when compared to the resonant
mode [57,238]. Equation (36) becomes:

i,
= 37
R R [P e
which looks like the Equation of an SDOF with a complex modal constant;
I‘Tr = AR + lAI (38)

where Ay is the real part of the modal constant and A; is the imaginary part of the modal
constant. The following development is based on this assumption: that mode shapes are
well-spaced in the frequency spectrum so that Equation (37) is true at the vicinity of

mode 7.

Condition 1: |w? — w?| > 0
Away from the natural frequency, and considering, a lightly damped system, for

convenience, where n,- = 0, Equation (37) is simplified to:
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Representing the receptance in the Argand plane (see Figure 4.2),

Im

Figure 4.2 The representation of the receptance in the Argand plane.

then the phase 8,,«x., I related to the imaginary a; ., and real ag . parts
T r

of the receptance by:

Ar
Al > wr wi-w? Ap
tan[ew«»wr] = ————0r = AR 4. (40)
aRw<<>>wr — R
Wyr—w
and
(A
Bw«»w, = tan ! (A_> (41)
R
Thus, in the x = H vs y = sin(0) plane this becomes:
. . _ A
|Sm[0w<<>>wr]| = sin [tan ! (ﬁ)] (42)

Condition 2: |w? — w?| = 0 at resonance
At the natural frequency, i.e., when w = w,., Equation (37) reaches its maximum value:
_AptiA A Ap

= = —i
llnrlwrz |77r|(‘)7g Inrlwrz

(43)

Cw=w,

Hence, the amplitude of the receptance

74



H=la| = /a}%e + a?, (44)

at the resonance is:

1 ’

which, when solved for Az, becomes:

Ap = \/Ha%zwrmz |t — A2 (46)

Equation (46) allows determining the real part of the modal constant from its complex
counterpart, which must be determined in a way. Therefore, if one solves Equation (42)
for A; when considering Equation (46), and after some mathematical procedure, this

results in:

H2_. |n%|w?
A= ) o B —2 (47)
[tan |[Sln_1(9w<<>>wr)]|] +1

Equations (46) and (47) allow determining the real and imaginary parts of the modal
constant from the plot of the receptance in the x = H vs y = sin(6) plane. The above

representation is the elliptical plane modal analysis technique.
4.4 Properties of the Receptance in the “Elliptical Plane’

To show the representation of receptance in the “elliptical plane’ and how the modal
constants are determined, an arbitrary SDOF system having complex modal constant
A, = 1000 + 500i, 20.4Hz natural frequency and a 1% modal damping factor would
be considered. In addition, it is assumed that the receptance was measured
experimentally within the frequency range of 0 to 40Hz with an acquisition period of

2s (i.e. a frequency resolution of 0.5Hz). The plots of the amplitude H and phase 6 of
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the receptance determined in the frequency domain and the “elliptical plane’ are shown

in figure 4.3 and figure 4.4 respectively.

The approach to determine the modal constants included coding software that does the

following:

1.
2.

Representation of the receptance in the “elliptical plane’;

Extrapolation of the data points close to a resonant frequency, with an elliptical
function centred at (0, 0) and tangent to an imaginary horizontal lineat y = +1;
Determination of 6, from the intersection of the ellipse at the y-axis;
Determination of H,_,_ from the point where the ellipse is tangent to an
imaginary vertical line;

Determination of the angle the ellipse makes with the horizontal to determine
the hysteretic damping coefficient. The hysteretic damping factor is then
determined in the same way to what was done in [57,238];

Determination of the modal constants from Equations (46) and (47).

5 - 180
g »
E£4 - 90 o
T 3 2
v o0 2
32 T
= )
g1 90 3
E =
<o -180
0 10 20 30 40
Frequency (Hz)
——Amplitude ——-Phase

Figure 4.3 Numerical example of the amplitude and phase of a SDOF receptance in
the frequency domain.
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sin(6)

Amplitude H (m/N)

——Data Points Ellipse Extrapolation

Figure 4.4 Numerical example of the same SDOF receptance represented in figure
4.3 in the “elliptical plane’.

The first thing to observe is that when the receptance data points are plotted in the
‘elliptical plane’, it depicts a loop that can be fitted with the half of an ellipse. In such
a case, since the data has no noise and it is an SDOF, a suitable relationship between
the data and the fit was obtained (figure 4.4). This ellipse has some outstanding
properties, namely:

1. The angle of the ellipse depends on the damping coefficient h and the ellipse is
centred at (0, 0). This is not surprising, because since Equation (34) is the
Equation of a straight line with slope h, as reported earlier in [57,238], and the
intercept is at zero.

2. The function is restricted between 1 and -1 since it relies on a sinusoidal
trigonometric function. In the illustration presented, where half an ellipse is
represented, the elliptical extrapolation is tangent at y = —1;

3. Given the fact that the natural frequency (20.4Hz) is not a multiple of the
frequency resolution (0.5Hz) in the example presented, the frequency spectrum
in Figure 4.3 does not indicate the precise amplitude at the natural frequency
(the maximum value as observed from figure 4.3 would be 4.85). The amplitude
at the resonance for this given example is determined to be 6.805 from Equation
(36) with N = 1 (since it is SDOF). Meanwhile, it can be noticed from the
example given that the ellipse in Figure 4.4 is tangent at an imaginary vertical
line that crosses the x-axis at 6.805, precisely the amplitude at the resonance,
H,—,, . This quantity is required to obtain the modal constants through

Equations (46) and (47). The advantage of the ellipse is that it makes it possible
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to determine the amplitude at the resonance from experimental data, whereas
Equation (36) would not be possible to use as a starting point for most real
situations;

4. The value 6« needed to determine the imaginary part A; of the modal
constant (Equation 47) can also be determined from the ellipse, since this is
when the ellipse crosses the y-axis, i.e. 8y«sse, = sin™*[sin(f,=o)]. This is

used to create the ellipse from experimental data.

4.5 Numerical Validation of the “Elliptical Plane” Modal
Identification Method

To illustrate the proposed method, a total of ten various cases were simulated. These
are listed in table 4.1%. Cases 1 to 6 all are SDOF: cases 1 and 2 have real modal
constants and cases 3 to 6 have complex modal constants with varying signals (as seen
in [15] the signal of the modal constants is related to the signal of the slope of the ellipse
major axis and the phase angle). Cases 7 and 8 are MDOF (2-DOF) with ‘low’ damping
factors (figure 4.5 and figure 4.6) and cases 9 and 10 are MDOF with one ‘highly

damped’ mode.

Figure 4.5 and figure 4.6 show the MDOF case 7 in both the frequency domain and
‘elliptical plane’, where the fitting ellipses can be seen clearly. However, the method
assumes that the mode shapes are well spaced so that the effect from mode shapes close
to the mode shape being identified is negligible. Thus, each mode is determined
individually by ‘zooming-in’ in the vicinity of its respective natural frequency. This is
shown in figure 4.7, figure 4.8, figure 4.9 and Figure 4.10 where the receptance close
to the first and second mode shapes are represented, respectively, in both the frequency

domain (amplitude and phase) and the “elliptical plane’.

L The natural frequencies, modal constants and hysteretic damping factors may not have any

physical/real meaning. The aim is to use them for the illustration.
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Figure 4.5 Amplitude of the MDOF receptance for numerical case 7 in the frequency

domain.
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Figure 4.6 MDOF receptance for numerical case 7 (Ffigure 4.5) represented in the
‘Elliptical Plane’ with two ellipses fitting the data at the vicinity of the mode shapes (the plot
was mirrored for better convenience. Only half of the ellipse is actually visible with the
discussed method).
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Figure 4.7 Amplitude and phase of the receptance in the frequency domain near the
1st resonance of simulated case 7.
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Figure 4.8 Receptance near the 1st resonance of simulated case 7 (represented in the
‘Elliptical Plane”) with the modal identification fitting ellipse (the plot was mirrored for better
convenience).
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Figure 4.9 Amplitude and phase of the receptance in the frequency domain near the
2nd resonance of simulated case 7.
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Figure 4.10 Receptance near the 2nd resonance of simulated case 7 (represented in
the “Elliptical Plane’) with the modal identification fitting ellipse (the plot was mirrored for
better convenience).
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The results from the modal identification following the procedure outlined herein are
presented in Table 4.1. The percentage difference between the theoretical values (Table

4.1) and the numerical results (Table 4.2) are shown in Table 4.3.

Table 4.1 Numerical models’ modal simulated properties.

Mode 1 Mode 2 |
Modal Modal
f Amp f Amp
Constant 1 % Constant 2 %
Case | Real | Imag (H2) m e (N/m) Real | Imag (H2) "o (N/m)
1 1000 0 20.4 1 6.087 - - - - -
2 -1000 0 20.4 1 6.087 - - - - -
3 1000 | 500 | 20.4 1 6.805 - - - - -
4 -1000 | -500 | 20.4 1 6.805 - - - - -
5 1000 | -500 | 20.4 1 6.805 - - - - -
6 -1000 | 500 | 20.4 1 6.805 - - - - -
7 1000 | -500 | 20.4 1 6.805 | 2000 | -1200 | 50.25 5 0.4679
8 1000 | -500 | 20.4 1 6.805 | 2000 | 1200 | 50.25 5 0.4679
9 1000 | -500 | 20.4 1 6.805 | 2000 | -1200 | 50.25 50 0.04679
10 1000 | -500 | 20.4 50 0.1361 | 2000 | -1200 | 50.25 5 0.4679
Table 4.2 Results from the modal identification (numerical examples).
Mode 1 Mode 2 |
Modal gl“,onstant f . Amp Modal gonstant f . Amp
Case | Real Imag (H2) (N/m) Real Imag (H2) (N/m)
1 1041 1.033 | 204 1 6.203 - - - - -
2 -1000 | 1.013 7 1 6.087 - - - - -
3 1000 500 1 6.805 - - - - -
4 -1000 -500 1 7 - - - - -
5 1000 7 1 - - - - -
6 -1000 500 1 7 - - - - -
7 1016 | -502.1 1 6.892 | 2001 | -1198 | 50.25 | 5.003 | 0.4676
8 1000 -500 7 1 6.799 | 2000 1200 7 5 0.4679
9 993.8 | -520.3 7 1.027 | 6.648 | 2021 | -1201 | 50.29 | 49.92 | 0.04715
10 995.1 | -502.1 7 50.16 | 0.1353 | 1996 | -1208 | 50.25 | 4.979 | 0.4700
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Table 4.3 Difference between the theoretical values and the numerical results (all
values are expressed in %).

% error mode 1 % error mode 2 |
Modal Constant Modal Constant
f n Amp Amp
L H2) | @) | (Nm) 2 FHZ) | nC0) | (\ym)
Case | Real Imag Real Imag
1 4.10 - 0.00 | 0.00 1.91 - - - - -
2 0.00 - " " 0.00 - - - - -
3 " 0.00 " " " - - - - -
4 ” ” » » ” - - - - -
5 ” ” ” ” ” - - - - -
6 ” ” ” ” ” - - - - -
7 1.60 0.42 " " 1.28 0.05 | -0.17 | 0.00 | 0.06 -0.06
8 0.00 0.00 " " -0.09 0.00 0.00 " 0.00 0.00
9 -0.62 | 4.06 " 2.70 -2.31 1.05 0.08 | 0.08 | -0.16 0.77
10 | -0.49 | 042 " 0.32 -0.59 -0.20 | 0.67 | 0.00 | -0.42 0.45

Table 4.3 indicates that there is a correlation between the theoretical models and the
results obtained from the modal identification, at least for SDOF systems. Although the
results from the MDOF are not that good, but still acceptable. The worst cases were
cases 1, 9 and 10. In the ‘ideal’ case 1, where the modal constant is real, the ellipse
becomes a straight line, thus the identification process fails due to problems connected
to the ellipse curve fitting (i.e., the ellipse has no minor axis). Therefore, a small value
had to be added to the imaginary part of the modal constant so that the algorithm yielded
significant results. Notwithstanding, in real situations, the modal constants are usually
complex quantities; thus, this ‘ideal” condition may not reflect a real issue. Concerning
cases 9 and 10, the slightly higher errors might be linked to the presence of a ‘highly
damped’ mode shape. Since the technique was developed for lightly damped systems,
this result is not surprising. Although the assumption is that the Elliptical Plane method
worked for lightly damped structure, it was still tested under more heavily damped
condition to see if the method would still work. It was observed that the method can be
used in more heavily damped conditions. Despite the fact that, the maximum error was
in the identification of the imaginary part of the first modal constant with only a value
of 4.1%.

It is important to note that the modal identification procedure ‘isolated’ the mode shapes
as proposed in [15,25], with the purpose of improving the accuracy of the modal
parameters’ identification. This approach exists in other modal identification
techniques, for example in the BETAIlab software [25] that utilises the CRF [245]. In

this method, once one mode shape is determined, it is removed from the experimental
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curve to annul (or at least minimise) the effect from other mode shapes. This also
implies that the modal identification procedure is run at least twice so that each mode
is determined with the minimum possible effect from the other mode shapes within the

frequency range.

4.6 Experimental Validation of the “Elliptical Plane” Modal
Identification Method

4.6.1 Experimentation Setup

The composite plate used in this study is made up of 8 unidirectional layers with a
[0/90]2s layup. Each layer is made of an epoxy resin impregnated with CF satin weave
Cytec Cycom 934-373KT300. The dimensions of the test plate are, approximately,
360x262x3mm.

Free-free boundary conditions were simulated in the lab. The specimen plate was
suspended vertically by 2 nylon strings, which were attached to two 1mm diameter
drilled holes positioned at 50mm from the plate’s sides and at 5mm from its top edge.
A transfer FRF was measured using a National Instruments DAQ-9234 analogue input
data acquisition module on a National Instruments cDAQ-9174 USB chassis. The first
channel was assigned to the excitation force (measured with a PCB 208CO01 force
transducer) and the other one was used to determine the acceleration response using
three PCB 352C22 lightweight teardrop accelerometers positioned at the edges of the
test plate.

An electromagnetic shaker LDS V201 was used to generate the excitation signal, at a
single coordinate, with a copper pushrod 60mm long attached to the force transducer at
the other end. A multisine [246] excitation signal ranging from 0 to 200Hz frequency
with a 0.25Hz frequency resolution was produced and amplified using an NI 9263
analogue output module and an LDS PA25E power amplifier.

Signal Express 2012 from National Instruments was utilised to process and record the
results. The FRFs were recorded under the form of receptance and a rectangular

window was used during the signal acquisition. A schematic representation of the
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experimental setup is shown in Figure 4.11, and the force excitation point and response

measurement locations are shown in Figure 4.12.

ters

Electromechanical 5
sy Stinger —» Force transducer
shaker

Accel

Power amplifier
A4
Data acquisition > Computer

Figure 4.11 Schematic of the undamaged specimen experimental setup.

Forcetransducer
O & f

Figure 4.12 Test plate with force excitation point and response measurement
locations.

4.6.2 Results

The experimental receptance plot, as well as the regenerated curves from the modal
identification with both BETAIlab and the Elliptical Plane technique, are shown in

Figure 4.13. As with the numerical examples, each mode is identified individually by
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‘zooming-in’ in the vicinity of its respective natural frequency, to eliminate (or reduce)
the effect that the neighbouring mode shapes would have on the mode shape being
identified. This is shown in Figure 4.14 to Figure 4.21 where the receptances in the
vicinity of the four mode shapes are represented in the frequency domain (amplitude

and phase) and in the “Elliptical Plane’, respectively.
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Figure 4.13 Receptance curve in the 0 to 200 Hz frequency range — experimental
curve and regenerated identified curves through the Elliptical Plane technique and the
software BETAIlab.
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Figure 4.14 Amplitude and phase of the receptance in the frequency domain near the
1%t experimental resonance.
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Figure 4.15 Receptance near the 1% experimental resonance (represented in the
‘Elliptical Plane”) with the modal identification fitting ellipse (the plot was mirrored for better
convenience).
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Figure 4.16 Amplitude and phase of the receptance in the frequency domain near the
2" experimental resonance.

Figure 4.17 Receptance near the 2" experimental resonance (represented in the
‘Elliptical Plane”) with the modal identification fitting ellipse (the plot was mirrored for better
convenience).
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Figure 4.18 Amplitude and phase of the receptance in the frequency domain near the
3 experimental resonance.
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Figure 4.19 Receptance near the 3" experimental resonance (represented in the
‘Elliptical Plane”) with the modal identification fitting ellipse (the plot was mirrored for better
convenience).
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Figure 4.20 Amplitude and phase of the receptance in the frequency domain near the
4™ experimental resonance.
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Figure 4.21 Receptance near the 4" experimental resonance (represented in the
‘Elliptical Plane’) with the modal identification fitting ellipse (the plot was mirrored for better
convenience).

The percentage difference between the values acquired with the elliptical plane
technique (Table 4.4) and BETAIlab (Table 4.5) are shown in Table 4.6. It is important
to note that, due to noise in the experimental data, the ‘best ellipse fitting’ was
determined by a combination of two parameters: a correlation factor (based on a least-
squares fit) and the best approximation between the area of the shape formed by the
extrapolated ellipse and the data points in the “elliptical plane’.

Table 4.4 Results from the Modal identification using the Elliptical Plane technique
(experimental examples).

Identification from Elliptical Plane technique
Modal Constants
n (%) | Amp (N/m)
Mode Real Imag
1 -8.243E-01 | 4.522E-02 | 1.866 3.470E-04
2 -1.808E-02 | 3.504E-03 | 1.051 1.199E-05
3 -2.033E-01 | 1.171E-02 | 0.4551 | 7.118E-05
4 1.155E-01 | 6.039E-03 | 0.996 1.121E-05
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Table 4.5 Results from the Modal identification using the software BETAlab
(experimental examples).

Identification from BETAIlab
Modal Constants
n (%) Amp (N/m)
Mode Real Imag

1 -8.285E-01 4.077E-02 1.876 3.464E-04
2 -1.674E-02 -7.510E-04 0.9793 1.172E-05
3 -1.976E-01 7.004E-03 0.4401 7.143E-05
4 1.148E-01 -8.384E-03 0.9959 1.124E-05

Table 4.6 Difference between the results obtained with the Elliptical Plane technique and the software
BETAIlab (all values are expressed in %).

% difference between Ellipse and BETAlab
Modal Constants %) Amp (N/m)
Mode | Real Imag 7o P
1 0.12 -0.05 -0.35 0.52
2 4.68 -396 5.90 -0.76
3 1.55 92.4 3.89 -2.10
4 0.04 -165 -0.45 0.42

Results from Table 4.6 indicate that, in general, there is good agreement between the
Elliptical Plane technique and BETAIlab with respect to the real part of the modal
constants, the hysteretic damping factor and the amplitude of the receptance. This is
also true for the second mode shape (Figure 4.16 and Figure 4.17) which is barely
visible in the receptance Figure 4.13. But the same cannot be said of the imaginary part
of the modal constants, which vary greatly from one method to the other. This may well
be due to the values being two orders of magnitude smaller than their real counterparts,

as such, do not affect the regenerated curves? shown in Figure 4.13.

4.6.3 Validation of Experimental Results

Experimental vibration data from a carbon fibre rectangular plate suspended in a free-
free simulated setup (see section 4.6.1) was utilised to evaluate the efficiency of the
proposed technique better. A comparison was done between the results and the ones
obtained using BETAIlab, which is a modal identification software developed in [25]

that uses the CRF [245]. The reason behind using other method concurrently was to

2 Residuals, which are normally included to account for the influence of modes that are not

within the measured frequency range, were not determined in this study.
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obtain a set of values as a reference point since experimental modal properties are not
known in advance for comparison. Thus, the performance of BETAlab was also
assessed with the use of numerical cases 7 to 10 outlined in Table 4.1 and available
from section 4.5. See the results shown in Table 4.7 and Table 4.8.

Table 4.7 Results from the modal identification using BETAlab (numerical

examples).
Mode 1 Mode 2 |
Modal Constant f Amp Modal Constant f Amp
L H2) | 70 | (nim) 2 H2) | T | (ym)
Case | Real Imag Real Imag

7 1003 | -502.5 | 20.4 | 1.001 | 6.821 | 1999 | -1200 | 50.25 | 4.999 | 0.4679
8 999.8 | -499.8 7 0.9995 | 6.807 | 2049 1187 ” 5.054 | 0.4700
9 999.0 | -505.3 7 0.9980 | 6.828 | 1994 | -1205 | 50.27 | 49.95 | 0.04675
10 1027.0 | -514.0 | 20.3 | 51.37 | 0.137 | 1999 | -1200 | 50.25 | 5.001 | 0.4677

Table 4.8 Difference between the theoretical values and the numerical results from
BETAIlab (all values are expressed in %).

% error mode 1 % error mode 2 |
Modal Constant Modal Constant

1 fH2) | ey | AT 2 f(Hz) | n8) | P

Case | Real Imag (N/m) Real Imag (N/m)
7 0.30 0.50 0.00 0.10 | 0.24 | -0.05 0.00 0.00 -0.02 | -0.01
8 -0.02 | -0.04 " -0.05 | 0.03 2.45 -1.08 " 1.08 0.45
9 -0.10 1.06 " -0.20 | 0.34 | -0.30 0.42 0.04 -0.10 | -0.08
10 2.70 2.80 -0.49 | 274 | 097 | -0.05 0.00 0.00 0.02 | -0.05

It is important to note that both methods agree quite well with the numerical results.
Their performances seem to be same, at least with the numerical results provided. The
maximum percentage differences between these results and the theoretical values for
the modal constants is 2.80% for BETAlab and 4.06% for method of the Ellipse.
However, on average, these differences reduce to 0.74% and 0.61%, respectively.
Concerning the modal damping factors, the maximum percentage differences are
2.74% for BETAIlab and 2.70% for Ellipse Plane technique, but the average differences
are 0.54% and 0.46, respectively. Since the maximum percentage differences are not
applicable to the same cases and/or mode shapes, plus the average differences are
basically the same and very negligible, it is quite difficult to find a better explanation
instead of one that is based on numerical uncertainty/ill-conditioning and human error.
It is important to bear in mind that, to a certain extent, both BETAlab and the Elliptical

Plane technique depend on the judgment of the user. This also implies that it is hardly
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possible to obtain exact results for two modal identifications on the same data points

when either of the software is used.

4.7 The Reduction of Uncertainty on the Elliptical Plane
Modal Identification Method

The Elliptical Plane method is very effective when the mode shapes are conveniently
well-spaced [13,15,57,238]. This assumption is not unusual and has been used in many
other modal identification methods [24,247]. However, the determination of the modal
properties in the Elliptical Plane is predicated on numerical extrapolation of the ellipse,
which implies that both the noise and the frequency resolution play an important role
in the results. Classical fitting methods such as clustering or optimisation methods have
been addressed using Hough transform [248], Kalman filtering [249], or least squares
approach [250-258]. While the clustering approach [248,249] is slow and lack
accuracy, optimisation methods [251,255-258] are fast and accurate. Furthermore, the
use of varying curve-fitting methods, may slightly give different results or can even fail
by rendering straight lines or hyperbolas. In real cases where the available points are
not much, there can be a broad range of equally good solutions for same problem.

This section starts by presenting a summary of the modal identification method based
on the receptance when represented in the Elliptical Plane. The full development can
be found in section 4.3. Different curve-fitting methods are implemented in MATLAB,
to improve the performance of the Elliptical Plane modal identification technique. A

multiple degree-of-freedom numerical example was used to discuss the results.

4.7.1 Numerical Curve-Fitting Methods

An ellipse as a particular case of conic section can be described [250,251] by the scalar

product between the vector of coefficients ¢ = {a,b,c,d, e, f} Tand the vector v =

{x%,xy,v%,x,y,1} T by:

F(w)=cv={ab,cdef}T.{x%xy,y%x,y,1}T =0
(43)
F(x,y) =ax?+bxy+cy*+dx+ey+f =0
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subject to b? < 4ac. The function F,(v) = F(x,y) represents the algebraic distance
from a point (x, y) to the conic. The fitting problem [254] can be approached by the
use of a least square fitting (LSF) method based on the minimisation of the sum of the
squared algebraic distances of the points (x;, y;) to the conic:

n

n n
D,(¢c) = minz F(x;,y)?% = minz E.(v)? = minZ(c. v;)?
C c c
k=1 k=1

k=1

(49)

with either a + ¢ = 1 [252], a? +%b +¢?2 =1 [250], or |lx — cill +lx — c,l| =2a

[258] where c;and ¢, are the two foci of the ellipse and the norm in this case is

determined using a Mahalanobis distance.

An iterative approximation method [250] through a better estimated geometric distance

[256] can be expressed:

B F(c.v4)?
D)= 2 W Fevl? (50)
Or by [257]:
o1 Fc.vy)?
Ds(c) =

k=1lVxF (c.vp)||? (51)

The approach in [251,253] replaces the constraint b? < 4ac by the equality b? + 1 =
4ac and reformulate the fitting problem as:

min||Hc||>  subject to c'Dc=1 (52)
c

where the matrices H and D are expressed as in [253] by:
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4.7.2 Numerical Example

A 2-DOF numerical model (a case with the theoretical properties shown in (table 4.1)
IS used to test the performance of the improved numerical curve-fitting method. The
Elliptical Plane modal identification method procedure assumes that the mode shapes
are conveniently well-spaced so that the effect from mode shapes that are close to the
mode being identified is very negligible. Therefore, each mode is determined separately
by ‘zooming-in’ close to its respective natural frequency. The receptance of this
numerical model in the frequency domain is shown in Figure 4.5, where close-ups near
the resonant frequencies are shown in Figure 4.7 and Figure 4.9. When represented in
the Elliptical Plane with x = H vs y = sin(@) axes, Figure 4.5 takes the form of

Figure 4.6, where the shape is elliptical® close to the resonant frequencies.

Since different methods may lead to distinct best-fitting ellipses or even hyperbolas
when “bad/noisy” data is utilised, the most effective method should be used to address
the uncertainty in the modal identification. This can be seen in Figure 4.23 where
distinct best-fitting ellipses have been obtained for the two sets of data shown in Figure
4.7 and Figure 4.9 from two different fitting methods, such as: the least squares method
without any weights [254] presented in Equation (49); and, the computationally

efficient (and robust to noise) direct approach [253] shown in Equation (52).

3 In fact, the shape is half-elliptical, as shown in Figure 4.4. The data points in Figure 4.6 were

mirrored so that the “elliptical nature’ of the representation is better illustrated.
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Figure 4.22 Best-fitting ellipses using the LSF method in Equation (49) and the iterative method in
Equation (52): (a) data set 1, and (b) data set 2.

Limiting the best fit to the horizontal limits -1 and 1 for the same sets of data shown in
Figure 4.22 (due to the properties of the Elliptical Plane discussed in section 4.4), two
distinct best-fitting ellipses similar — calculated using a weak Fréchet distance - to one

another are obtained. Fréchet distance is a measure of the similarity between curves
[259].
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Figure 4.23 Best-fitting ellipses using the LSF method in Equation (49) and the
iterative method in Equation (52), after enforcing the limit to be between +1: (a) data set 1,
and (b) data set 2.

Generally, different methods such as conic residual or proximity methods produce
different ellipses. Moreover, independent of the methods utilised, almost elliptical

distribution of the data points produce good and similar fits [251,255], while a more
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noisy distribution may produce - depending on the method used - different sets of

ellipses or can even fail by rendering straight lines or hyperbolas [251].

In this situation, since data is simulated and has no noise included, both methods
rendered quite similar results. The results gotten from both methods were averaged and
are presented in Table 4.9. Table 4.9 is the improved results from the optimised curve-
fitting being presented compared to Table 4.10 that depends quite significantly on
human judgment. The modal identification was performed in the 15-25Hz and 45-

55Hz frequency ranges.

Table 4.9 Averaged numerical results from the modal identification in the 15-25Hz and 45-55Hz
ranges (values between brackets are the percent error committed).

Mode number A A 7, (%) Amplitude

994.6 -468.2 0.9769 6.849

1(204H2) | om0506) | (e=6.4%) | (e=2.3%) | (e=0.6%)

2322 -1424 6.484 0.4215

2 (5025H2) | (o=15 104) | (e=18.7%) | (€=29.7%) | (e=9.9%)

In order to understand if the curve fitting methods introduced in this section produced
any improvement in the results when compared to what was done in section 4.5, the
same data points were identified using the software in section 4.5, which results are
shown in Table 4.10.

Table 4.10 Numerical results from the modal identification using the software presented in
section 4 in the 15-25 Hz and 45-55 Hz ranges (values between brackets are the percent error

committed).
Mode number A A 7, (%) Amplitude
969.3 -474.8 0.8288 7.926
1(204H2) | (om3106) | (e=5.0%) | (e=17.1%) | (e=16.5%)
2584 -1787 6.386 0.4936
2(50.25H2) | (o-29 206) | (e=48.9%) | (e=27.7%) | (e=5.5%)

Comparison of Table 4.9 and Table 4.10 shows that, For relative lower damping and

higher amplitude values (mode 1), errors decreased significantly, from 17.1% to 2.3%,
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in the case of damping, and from 16.5% to 0.6%, in the case of the amplitude. For
relative higher damping and lower amplitude values (mode 2), errors have deteriorated,
but ever so slightly, from 27.7% to 29.7%, in the case of damping, and from 5.5% to
9.9% in the case of the amplitude. However, in this latter case (mode 2) the difference
in errors is marginal when compared to the former case (mode 1). Therefore, it can be
concluded that, in general, the combination of the two methods introduced in this work
generally contributed to the improvement of the results, with a decrease on the average
error committed from 19.1% to 10.5%. It is important to mention that modes were not
‘isolated’ (i.e., the regenerated modes were not subtracted from the experimental curves
when doing the identification), hence only one modal identification iteration was

performed.

4.8 Concluding Remarks

A novel method for the identification of the modal constants from FRFs, based on the
dissipated energy per vibration cycle, is presented. It is most suitable for lightly damped
systems with conveniently well-spaced mode shapes. It offers a new perspective on the
way the receptance may be represented, called the ‘elliptical plane’. This approach
brings valuable insights for other researchers in the field. For example, since the
elliptical shape of the receptance (close to a resonant frequency) when represented in
the “elliptical plane’ depends on both local and global modal properties, then it is
reasonable to suggest that this representation of the FRF can be utilised in other fields,

for instance, SHM.

In previous research [57,238], it was indicated that this method can give a better
estimate of the modal damping factors than the method of the inverse. By “isolating”
the already identified mode shapes to minimize the amount of effect from the other
mode shapes, the results are in agreement with the BETAIlab results. However, with
regard to the modal constants, namely their imaginary parts, more research is still
needed, although the disparities between the results did not seem to noticeably affect
the regeneration of the identified curves. Moreover, this may be due to the imaginary
parts of the modal constants being one or two orders of magnitude smaller than their

real counterparts, thus being more susceptible to uncertainty and error.
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The Elliptical Plane method raised questions with regards to the quality of the
numerical curve-fitting being utilised. To answer those questions, a combination of the
least squares fitting (LSF) employing a Mahalanobis distance and an iterative
approximation method was considered. It is shown that there may be multiple solutions
for the same problem, especially when the data points are scanty (due to the frequency
resolution limitations). However, the method allows identifying a range of values,
which implies that we can take the ‘answer in the middle’ (i.e., the average) as the

solution to our problem.

Finally, although the method has not been tried on the modal identification of multiple
FRF functions, this should not be a real challenge. The issues that are mostly associated
with software implementation rather than with the method itself, since the
representation of the receptance in the ‘elliptical plane’ greatly depends on local
properties. Consistency conditions between the modal constants to satisfy orthogonality
properties between the eigenvectors can be applied subsequently, in the same manner
to what is done in [245].
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“Nothing in life is to be feared; it is only to be understood. Now

IS the time to understand more so that we may fear less.”

—Marie Curie
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5 Experimental Measurements

5.1 Design and Manufacturing of Test Base and Hemispherical

Indenter

Figure 5.1 shows the hemispherical indenter and the support base system designed by
the author using SolidWorks. Both structures were made of mild carbon steel. The
impactor has a 24.50mm diameter hemispherical indenter, a pin slot of 7.85mm
diameter and a length of 41.40mm.

Pin slot

Steel Slab

(a)

Vertical handle toggle clamp

Hemispherical
head

Figure 5.1 (a) Impactor; (b) Test support base.

The area of the support is 350mm?, with a hole of 250mm x 150mm. The six clamps
are series 101-A Good Hand vertical handle toggle clamps. Each has a holding capacity
of 490.35N and weighs 0.06kg.

5.2 Manufacturing of CFRP Composite Laminates

5.2.1 Stacking Sequence

The stacking sequence provides the rotation angle of fibres with respect to the global
axis in degrees and it is enclosed in square bracket notation. It is assumed that the fibre
direction is constant in each ply.
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The composite laminates considered for this research work were manufactured by hand
layup technique by the author in the composite layup laboratory in the University of
Hertfordshire. This step entails the laying of prepregs at required angles. The
orientation of the fibre and the layup sequence enhance the performance of composite
structures. CFRP specimens with seven distinct types of orientations were made (see

Table 5.1). Each layer is an epoxy resin impregnated CF.

Table 5.1 Types of specimens and designations.

Designation Material Stacking Laminate Type | Dimensions Aspect
> sequence (mm) ratio (a/b)
(o4
3 Plate A1 - A3 FibreDUX [90/+45/0]s | Quasi-Isotropic 310x240x2 1.29
6268C-HTA
(12K)
Plate B1 - B2 [90/0/445] "
4 Plate C1-C4 [90/0],5 Cross-ply
(Orthotropic)
1 Plate D1 ¥ [90,/05] Y 312x240x2.4 ¥
Plate D2 Toray T700 (24K) " 342x241x3.1 1.42
Plate E1 FibreDUX [905/05] 300x241x3 1.24
6268C-HTA
(12K)
1 Plate E2 Toray T700 (24K) " 333x240x4 1.39
1 Plate F1 Hexcel® G803 [0/+45/90]s | Quasi-Isotropic 392x242x2 1.62
3K 5H
1 Plate G1 Toray T700 (24K) | [905/05/905] Cross-ply 338x241x3 1.40
(Orthotropic)

The dimension of specimens is chosen so that the existence of double modes in
vibration that could affect modal analysis is avoided for the convenience of assessing

the developed damage identification method.

5.2.2 Manufacturing Process

All the specimens were manufactured in an autoclave at BioMEMS and
Microengineering laboratory, and the Autoclave in the Mechanical engineering
laboratory at the University of Hertfordshire with prepreg Carbon Fibre (CF). See

Figure 5.2 to Figure 5.5.
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Figure 5.2 Left: Prepreg cutting process; Right: Pressuring process.

When the roll of prepreg was removed from the freezer, it was allowed to thaw for a
minimum of 5 hours; to attain room temperature before the polythene bag is removed.
It is important to fully thaw prepreg to avoid condensation on the surface of the
material. Any amount of moisture within a curing laminate will impact on the
appearance and quality of the manufactured laminate. The remaining materials were
resealed and returned to the freezer to avoid moisture entering it. After thawing the
prepreg fully, the desired ply orientations were cut out from the roll of prepregs by
hand, as shown in Figure 5.2. During the lay-up process, the lay-up was de-bulked
regularly with a wooden roller to remove any trapped air between plies, to ensure the
prepreg takes the desired shape. The layup was pressurised at 90kPa overnight.

5.2.3 The Curing Process

A cure cycle was applied for autoclave curing of the prepreg laminates, as
recommended by the manufacturer; it is preceded by the vacuum bagging process. The
bagging procedure is shown in Figure 5.3. To reduce the risk of bag failure, a VAC-
PAK HS6262 (Nylon 66) bagging film was used. This bagging film can withstand high
temperatures and pressures during curing. In order to prevent sticking to the aluminium
plate (used as forming tool) and the breather after curing, the prepreg laminate was
sandwiched between two release films. An inner yellow sealant tape strip was

positioned 10mm from the edge of the laminate.
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To vacuum pump Release film
/ Valve

Prepreg laminate

To pressure gauge

Release film

—————— Aluminium plate

Figure 5.4 Autoclave: (a) when open; (b) when closed.

Curing time, 120 mins

121

Temperature (°C)

20

120 240

Time (mins)

Figure 5.5 Curing cycle.
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Figure 5.6 Manufactured samples.

The vacuum bag was secured around the laminate with the sealant tape, while both the
pressure gauge and the vacuum pipes were connected to the vacuum bagging through
valves. The cure cycle used for this work is shown in Figure 5.5. In order to obtain a
good surface quality, even temperature across the laminate, small temperature
differences between the components, tool and the source of heat, the start-up heat was
20°C and heat up rate was at 1°C/min until it reached 121°C. The laminate (see Figure

5.6) was cured at 106 kPa for 2 hours and then cooled naturally.

5.3 Generalities on the Experimental Setup

This section is written using as an example specimen F1. The same procedure is used
in the other test specimen in Table 5.1. An experimental test is conducted on a quasi-
isotropic CFRP specimen. The quasi-isotropic specimen is made from a [0/45/—45 /
90] layup with a dimension of 392mm x 242mm x 2mm. Each of the layers is a
woven prepreg formed by Hexcel® G803 3K 5H satin CF impregnated in HexPly®
200 phenolique matrix (200/40%/G803). The specimen was suspended vertically under
a free-free simulated configuration with 2 strings of nylon, which were attached to 1mm
diameter at 50mm apart from the edge of the test plate and 5mm from its top edge. An
electrodynamic shaker (LDS V406 M4-CE) with stinger 60mm long connected to a
force transducer, is used to start a single point excitation signal within the range of 0 to
800Hz with a 0.25Hz resolution that was generated and amplified using an NI 9263
analogue output module and an LDS PA25E power amplifier. See Figure 4.12.

The responses were measured at three specific locations using three lightweight PCB
teardrop accelerometer, type 352A24, that weighs 0.8 g each, at the corner of the
specimen to acquire the FRFs. Figure 5.7 shows the experimental setup.
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Suspension string

Shaker
Stinger

Composite plate

DAC card
Power amplifier

Figure 5.7 The undamaged specimen experimental setup.

This specimen is undamaged. The mechanical shaker is connected to a power amplifier
(LDS PA25E), which is connected to a 4-channel differential data acquisition unit. A
transfer FRF was determined by employing a National Instrument (NI) DAQ-9234
analogue input data acquisition module on an NI cDAQ-9174 USB chassis. The first
channel was assigned to the excitation force. The excitation force was determined with
a force transducer, labelled PCB 208CO01. Then the other channels were assigned to
PCB 352C22 lightweight teardrop accelerometers to measure the acceleration response.
The signals from the accelerometers go directly into the data acquisition (DAQ) unit
(NI cDAQ-9174). The experiment was repeated, including the setup.
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Figure 5.8 Receptance curve and phase plot of an undamaged quasi-isotropic
composite laminate as seen in LabVIEW.

A graphical programmable software known as LabVIEW was used to develop
BETAIlab software used in this work. Signal Express 2012 from NI was used to process
and record the test vibration results. The FRFs were recorded in the form of receptance.

Examples of receptance curves and phase plots of an FRF are shown in Figure 5.8.

The BETAIab software was built by [25] under LabVIEW 7.1 environment from NI
and it is used for modal identification. For more information on BETAIab, refer to [25].
The software is based on the method of the inverse [247] and Characteristic Response
Function (CRF) developed by [260]. The CRF presents the receptance for an SDOF
system. It accounts for the characteristics of the structure (global properties of the
system) and does not depend on its local properties (measurement coordinates) [25].
According to [25], the algorithm extracts the modal parameters from experimental FRF

data considering the receptance as:

my —

_ A
aje(@) = Rye(@)+ ) £

wZ — w? + in,w?
r=mq

(54)
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_ 1 1 (55)
Riy(w) & ——=5+=5

/ w2, K
where « is the receptance, R is a complex residual, w is the angular frequency, w, is
the natural angular frequency, 7 is the hysterical damping factor, r used to define mode
number, MR represents the mass residual and KZ® is the stiffness residual, m, is the

lower frequency in the range and m,, is the upper frequency in the range.
5.4 Experimental Results from BETAIlab
5.4.1 Introduction of Damage into Test Specimens

The quasi-static tests were carried out on a Tinus Olsen machine, as shown in Figure
5.9. The machine can bear a maximum of 25kN, and a minimum testing speed of
0.00lmm/min. It has a strain gauge-based load cell that measures force with an
accuracy of +/-0.2% of applied force across load cell force range. The machine has a
built-in force transducer that allows the determination of the reaction force and the
crosshead displacement is same as the indenter movement (displacement) because they
are all fixed together. Tinius Olsen’s Horizon software plots the force versus
displacement graph automatically.

Cross head

Vertical toggle clamp

Hemispherical indenter

Test specimen Test support base

Figure 5.9 Static testing.

To perform the Quasi-Static Testing (QST), two opposing ends of the CFRP plate were

clamped with six toggles (three at each side) clamps to prevent slippage. To monitor
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the occurrence of slippage during impact, a video recording was done and no slippage
was recorded. The testing speed was set to 2mm/min which is good enough to record
the force-displacement data. In order to avoid slippage, a prototype test was initially
conducted and the support were carefully watched with a video to satisfaction within

the testing process.

The energy absorbed by the specimen after loading and unloading is the area under the
force/displacement curve as shown from Figure 5.10 to Figure 5.15. The Trapezoidal
Rule is used to determine the area under the curve (Figure 5.10) and the absorbed
energy by some of the samples are listed in Table 5.2, by approximating the region
under the graph of the f(x) function as a trapezoid. Hence, the area is the integral of

the product of the force applied and the displacement:
U =[] fOdx = Z2[F(xo) + 2f () + 4 2f (y) + F(x)] (56

Uabsorbed = Uloading — Yunloading (57)

Where U is the energy, a is the lower limit of integration, b is the upper limit of
integration, n is the number of trapezoids, F and x stand for the force exerted on the

specimen and its displacement respectively.
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Figure 5.10 Work done by the impactor obtained from the static tests of specimen A.
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Figure 5.11 Work done by the impactor obtained from the static tests of specimen B.
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Figure 5.12 Work done by the impactor obtained from the static tests of specimen C.
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Figure 5.13 Work done by the impactor obtained from the static tests of specimen D.
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Figure 5.14 Work done by the impactor obtained from the static tests of specimen E.
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Figure 5.15 Work done by the impactor obtained from the static tests of specimen F
and G.

Damage in composite materials usually starts from the propagation of a crack. This type
of damage is known as matrix cracking [183]. As the amount of energy absorbed by
the plates increases, the velocity of the crack increases until debonding happens.
Although we cannot tell for sure which type of damage is present in the laminate, it can
be certainly be told that damage is occurring. This is visible from the discontinuities in
the Force vs displacement plots (Figure 5.10 to Figure 5.15). Since the development of
cracks and microcracks does not affect as much the stiffness of the laminate as
debonding does, it is likely that these discontinuities correspond to debonding. The
debonding was more pronounced in plates B1, B2, C4, E2, F and G. In fact, in plate F,
after first debonding at 756N, the second debonding occurred at 1550N before the
continuous crack progression. It was observed that the crack progression was smooth
and discontinuous across all the specimens. This results is in tandem with the study
conducted by [196]. The debonding is due to mismatch in bending stiffness, which is

related to the mismatch in the Poisson ratio.
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Analysis of the Response of Modal Parameters to Damage in CFRP Laminates using a

Novel Modal Identification Method

Table 5.2 Energy absorbed by test specimens.

Test Amount of Energy Absorbed (J)
Specimen Healthy - | Damagel- | Damage?2- | Healthy - Healthy - Damage 1 -
Damage 1 Damage 2 Damage 3 Damage 2 Damage 3 Damage 3
Al 5.5624 12.640 16.581 18.164 34.745 29.221
A2 5.110 12.691 13.499 17.801 31.3 26.19
B1 5.796 5.832 14.675 11.628 26.303 20.507
B2 5.657 8.817 12.520 14.474 26.994 21.337
C1l 5.110 12.606 16.641 17.716 34.357 29.247
C2 6.86 11.786 17.61 18.646 36.256 29.396
D1 6.222 9.755 12.528 15.978 28.505 22.283
El 5.307 8.928 10.385 14.235 24.62 19.313

i e

Figure 5.16 A microscopic photograph: (a) impact surface, (b) damaged surface.
The amount of energy absorbed by the specimen is determined by subtracting the area
under the unloading curve from the dissipated energy. Figure 5.16 shows the

microscopic view of the impact and damaged surface of one of the samples.
5.4.2 Deviation of Frequency and Damping with Damage Progression

The dynamic properties of the healthy and damaged specimens were identified using
BETAIlab software [261]. The software utilises the characteristic response function
(CRF) [245,261]. It is expected that a reduction in the stiffness of the materials would
result in the reduction of their natural frequencies. Making an analogy for clarity
purposes, the natural frequency of a Single Degree of Freedom (SDOF) mass-lumped

system, is given:

won = X (58)
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where,w,, k, and m represent the natural frequency, stiffness, and the mass of the
SDOF system respectively. If BVID damage will not produce a change in mass and
only in the stiffness, then it is reasonable to assume that the natural frequencies will
decrease. This is the underlying assumption in most SHM and damage detection
methods. Likewise, some works are based on the fact that the modal damping factors
change. However, this mechanism has not yet been totally understood, as evidence does
not always show that damping necessarily increases with damage as hinted by other

authors [262].

1. PlatesA; [90/+45/0]

Interestingly, the introduction of damage compromised the integrity of the laminates,
and reduces its stiffness. This is evident in all the modes, except mode 1, 9 and 10
(Refer to Figure 5.17). That is the reduction in the modal frequencies from modes 2 to
8. This might be because of environmental factors, test equipment, etc., which are
inherent to any experiment of this type and that are difficult to control, hence
introducing uncertainty that can be of the order of greatness of the changes introduced
by damage [57]. However, the 2.2% increase in the modal frequency at mode 1 is
relatively negligible. There is a possibility that the high level of increase of the modal

frequency at modes 9 and 10 is because the crack has yet progressed to those areas.
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Figure 5.17 Changes in the modal frequency for plate Al.
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Figure 5.18 Changes in the modal damping for plate Al.

Similarly, in Figure 5.18, it was observed that as the frequencies reduce from modes 2
to mode 8, the modal damping reduces except at modes 2 and 4. At mode 1, both
frequency and damping are on the increase as damage is introduced. However, at mode
2 as the frequency reduces, the damping increases. It is interesting to observe that at
mode 4 where the highest level of reduction in the modal frequency was recorded, the
modal damping has the highest increase. Although this behaviour has yet been
thoroughly understood, it provides a sign of hope for the applicability of modal
damping in damage identification. There is a significant increase in the modal

frequencies and a decrease in the modal damping at both mode 9 and 10.

Also, the significant reduction in the modal frequency occurred from mode 2 to 8. This
suggests that those modes are more closely affected by the damage locality. An
assumption taken beforehand [261] is that there anti-nodes are at the point of highest
concentration of damage. Note that, the reduction level is relative. It is based on the

overall reduction rate across all the modes considered in a sample.
2. Plates A, [90/+45/0]g

Figure 5.19 shows the reduction in modal frequencies at modes 2 and from modes 5 to
10, and an increase in the frequencies at modes 1, 3 and 4. This suggests the presence
of damage at mode 2, and from 5 to 10 in the test sample. Again, the modal frequency

at first mode increases despite the introduction of damage in the laminate.
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Figure 5.19 Changes in the modal frequency for plate A2.
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Figure 5.20 Changes in the modal damping for plate A2.

In Figure 5.20, there is a reduction in the modal damping at modes 1, 4, 6, 8, and 10;
and an increase at modes 2, 3, 5, 7 and 9. The overall changes can be better understood
from the graphical plots shown in Figure 5.19 and Figure 5.20. In addition, the highest
increase in modal damping occurred at mode 5, where the lowest reduction of modal
frequency occurred. With the highest reduction in the modal frequency at mode 10, it
implies that the damage concentration is at that mode. However, the modes impacted

by the damage locality are 2, 6, 7, 8, 9 and 10.
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3. Plates A; [90/+45/0]

In specimen A5, the damage concentration is at modes 2, and from 5 to 10 (Refer to
Figure 5.21). This may be because the highest level of reduction in the modal
frequencies occurred at those modes. However, the damage is spread across all the

modes, except, and again, mode 1.
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Figure 5.21 Changes in the modal frequency for plate A3.
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Figure 5.22 Changes in the modal damping for plate A3.

From modes 3 to 8, and 10, both parameters are decreasing as damage is introduced to

the specimen (see Figure 5.22). Conversely, there is an increase in both modal
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parameters at mode 1. Then at modes 2 and 9, as the modal frequency reduces, the

modal damping increases.

It is observed that the change in modal frequency is larger in plate Al and smaller in
plate A3. While, the change in modal damping is smaller in plate Al and larger in plate
A2. Although plate A2 and Al absorbed the highest and lowest amount of energy
respectively, a possible trend between the amount of damage inflicted by the indenter
and the changes in the modal frequency and damping is yet visible. The possible

damages initiated in the samples are debonding and matrix cracking.

4. Plate By [90/0/+45]

The results obtained after the introduction of damage in specimen Bl is as shown in
Figure 5.23 and Figure 5.24. The results indicate that as the frequency decreases, the
modal damping increases at modes 3, 7 and 9. However, modes 1 and 2 indicate an
increase in the modal frequencies and a decrease in the modal damping factors. There

is a reduction in both parameters at modes 4 to 6, 8 and 10.
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Figure 5.23 Changes in the modal frequency for plate B1.
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Figure 5.24 Changes in the modal damping for plate B1.

Obviously, the damage locality affects modes 3 to 10, as shown by the very noticeable
reduction in the modal frequencies at those modes (see Figure 5.23). However, the
impact is more felt from modes 5 to 10. Figure 5.24, shows the behaviour of the modal
damping due to damage introduction in the laminates. There is a reduction in the modal
damping at modes 1, 2, 4, 5, 6, 8 and 10; and an increase at modes 3, 7 and 9. The

highest increase of the damping occurred at mode 7.

The response of the modal frequencies to damage in specimen B2 is illustrated in Figure
5.25. It is shown that there is a drop in the modal frequencies at modes 4, 6 to 8; with
an increase at the other modes. It is evident that the location where damage was

introduced was at mode 6 that has the highest reduction level.
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Figure 5.25 Changes in the modal frequency for plate B2.

0.03
005 o
E 0.02 o o E ﬂ <
E[}.I}IS O ° 0 o
g 0.01 o %
0005 o ° =
0
0 2 4 ] 8 10 12
Mode Number

©—Healthy Data (Damp) [0 Dramage data (Damp.)
Figure 5.26 Changes in the modal damping for plate B2.

The cracks progressed to the neighbouring modes, that is, modes 4, 7 and 8. It is
expected that as the impact damage level increases, the behaviour of the modal
frequency will alter due to the increased displacement of the microstructures of the

laminates.

In Figure 5.26, with the exception of modes 3, 4 and 8, all other modes show a reduction
in the modal damping after the damage was introduced. The reasons behind this
behaviour of the modal damping are yet clear. However, the level of the impact damage

will be increased to monitor the further response from the modal parameters.
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6. Plate B3 [90/0/145]¢

Specimen B3 shows an interesting result (refer to Figure 5.27). There is a reduction in
the modal frequencies at modes 2, 3, 8, 9 and 10. This is an indication of the presence
of damage in the laminates at those locations. Although the damage locality is within
those five modes, its concentration is at modes 8, 9 and 10 that has the highest level of
reduction in the modal frequencies. Conversely, at modes 1, 4, 5, 6 and 7 the modal

frequencies increase as the damage was introduced in the laminates.
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Figure 5.27 Changes in the modal frequency for plate B3.
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Figure 5.28 Changes in the modal damping for plate B3.

The interesting thing is that there is a noticeable increase in the modal damping factor
(see Figure 5.28) at all the modes. Although modal damping hardly provides a clear

119



indication of the presence of damage in structures [262], this result is proving
otherwise. The highest increase in both modal frequencies and modal damping occurred

at mode 5.

The results from the three test plates show that, plate B3 has more change in modal
frequency than plate B2, and plate B1 recorded the lowest change in modal frequency.
It is also observed that the change in modal damping is more in plate B3 and lowest in
plate B2. While, the amount of damage introduced in the test plates is higher in plate
B2 and lowest in plate B3. Again, there is no clear trend between the amount of damage

and the changes in the modal parameters.

7. Plates €1 [90/0],

From Figure 5.29, the modal frequencies reduced across all the modes after the damage
is introduced, which signals the presence of damage in the laminates. Although all the
modes are affected, the damage locality affected modes 2 to 10 significantly. This is
true because the level of reduction in the modal frequencies across those modes is

higher.

(

W L
S Lh
=2
o <
ao¢

oo
O

O

Fr
]
[ ]
[ ]
o<

0 2 4 ] 8 10 12
Mode Number

% Healthy Data (Freq.) O Damage Data (Freq.)

Figure 5.29 Changes in the modal frequency for plate C1.
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Figure 5.30 Changes in the modal damping for plate C1.

With the highest level of reduction in the modal frequency at mode 10, it suggests that
the damage progression started at that mode, before spreading across the other modes.
In Figure 5.30, except modes 5 and 7, the modal damping reduced at all other modes.
The highest increase in the modal damping occurred at mode 7. Although the modal

frequencies decreased at other modes, the level of reduction is relatively insignificant.

8. Plate CZ [90/0]25

Figure 5.31 and Figure 5.32, shows the modal frequency and modal damping factor
results respectively. The reduction in the modal frequencies at all but modes 3, 5, 6, 7
and 10; indicates the presence of damage in the test specimen. Although the reduction
in the modal frequencies at those modes is not well pronounced, it still indicates the
location of the damage progression which is at mode 8. Mode 8 records the highest

level of reduction in the modal frequencies.
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Figure 5.31 Changes in the modal frequency for plate C2.
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Figure 5.32 Changes in the modal damping for plate C2.

However, as the damage is introduced, the modal damping across all the modes
decreased significantly. Again, unlike the modal frequency, the modal damping factor
does not provide clear information about the presence of damage in the specimen.
Hence, it is difficult to draw a conclusion based on the response of the modal damping

to damage in a structure.
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9. Plate €5 [90/0],¢

The presence of damage is indicated by the reduction in the modal frequencies at modes
2 and from modes 5 to 10. Refer to Figure 5.33. This confirms the reduction in the
stiffness of the laminates due to the amount of damage introduced through static testing.
The direct proportionality between the natural frequency and the stiffness of the

material confirms the behaviour of the modal frequency when damage is introduced.
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Figure 5.33 Changes in the modal frequency for plate C3.
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Figure 5.34 Changes in the modal damping for plate C3.
At modes 1, 3 and 4, there is a maximum increase of 0.5% in the modal frequency

which is relatively small. The impact of the damage locality is more noticeable at mode

7, signifying the origin of the crack’s growth in the laminates, before progressing across
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other modes. Furthermore, it is shown in Figure 5.34, that there is an increase in the

modal damping factors across all the modes. The increase is between the ranges of 2.7%

to 108%, highlighting the uncertainties and difficulty in the identification of damage

based on the responses of the modal damping factors.

10. Plate €, [90/0],¢

Figure 5.35 shows a very good result, as the modal frequencies at all the modes

decreased. This indicates the presence of damage in the specimen. However, the

damage is concentrated from modes 8 to 10. This is due to the level of reduction in the

modal frequencies at those modes. It indicates the impact level of the damage locality

at those modes.
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Figure 5.35 Changes in the modal frequency for plate C4.
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Figure 5.36 Changes in the modal damping for plate C4.

Conversely, the modal damping factors increased by 2.8% to 31.2% at modes 2, 3, 5, 8
and 10 after the damage is introduced. See Figure 5.36. The modal damping factor
decreased at modes 1, 4, 6, 7 and 9, so it is again difficult to find a correlation between

the modal damping factors and damage.

The results indicate that, there is more change in modal frequency in plate C2 than plate
C3 and that of plate C3 is more than both plates C1 and C4. On the contrary, change
in modal damping is more in plate C1 than plate C4 and that of plate C4 is more than
that of plate C3. Plate C2 has the lowest change in the modal damping. While, the
highest amount of damage was inflicted on plate C2, followed by C3, C4 and C1. This
indicates that the more the damage in the plate, the more the changes in the modal
frequencies. Although there seems to be a trend in these plates, it is difficult to draw a

conclusion because the changes in the modal damping is random.
11. Plate D4 [90,/05]¢

There is a reduction in the modal frequencies at all the modes, except from modes 8 to
10, after the introduction of damage in the test specimen. This is a clear indication that
there is damage in plate D1 across modes 1 to 7. The decrease in the modal frequencies
means that the stiffness of the material has reduced due to damage at those modes.
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Figure 5.37 Changes in the modal frequency for plate D1.
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Figure 5.38 Changes in the modal damping for plate D1.

However, the degree of reduction varies at all the modes (see Figure 5.37). The damage
concentration is at modes 3 to 7. Those are the modes with significant amount of
reduction in the modal frequencies. The amount of reduction is between the ranges of
0.16% to 36.6%. That implies higher level of stiffness reduction within those modes.

But the damage locality affected modes 4 to 6 more significantly.

Furthermore, just like the modal frequencies, the modal damping factors decreased at
all the modes. This is shown in Figure 5.38. Unlike the modal frequencies, the

percentage of reduction of the modal damping is higher. It ranges from 41.91% to
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87.52%. Again, except the modal frequency, the modal damping fails to provide a clear

information about the presence of damage in the CFRP laminates.

12. Plate D, [90,/03]

A total of 10 modes were considered in specimen D2, as shown in Figure 5.39 and
Figure 5.40 for modal frequency and modal damping respectively. In Figure 5.39, the
graph shows a reduction in the modal frequencies from mode 4 to 10, and an increase
from modes 1 to 3. The level of reduction in the modal frequencies at those modes are
all very noticeable. This suggests the impact of the damage locality at those modes.
Therefore, confirming the presence of damage in the test specimen. From the graph, it
is shown that the damage started at two close modes, 5 and 6. However, the damage is
spread across modes 4 to 10, due to the high level of reduction in the modal frequencies
at those modes.
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Figure 5.39 Changes in the modal frequency for plate D2.
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Figure 5.40 Changes in the modal damping for plate D2.

In Figure 5.40, it is shown that the modal damping factor decreased from modes 1 to 5
but increased from modes 6 to 10. As the modal frequencies reduce from modes 1 to 3,
the modal damping decreases. On the contrary, as the modal frequencies decrease from
modes 6 to 10, the modal damping increases. These 5 modes are within the damage
locality based on the response from the modal frequencies. Although it is difficult to
draw a conclusion yet, the inverse proportionality between the modal frequency and the

modal damping at those modes strongly suggest the impact of the damage locality.

13. Plate E4[905/05]¢

Figure 5.41, shows a reduction in modal frequency at all the modes, except mode 4 that
has a 1% increment. The damage is concentrated around modes 2, 3, 6, 8, 9 and 10.
However, modes 6, 8, 9 and 10 show the highest concentrations, which is referred to as
the primary damage locations. In other words, the damage locality affected those modes

more significantly.
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Figure 5.41 Changes in the modal frequency for plate E1.
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Figure 5.42 Changes in the modal damping for plate E1.

Unlike the modal frequency, the modal damping factor decreased at all the modes as
shown in Figure 5.42. The percentage reduction ranges from 26.7% to 90.4%. It is yet
unclear the reason behind such a drastic reduction in the modal damping factors.

However, the decrease is quite negligible across all the modes.

14. Plate E, [903/03]

The damage introduced in the specimen compromised its stiffness, which in turn
decreased the modal frequencies across the structure. It reduced at all modes but modes
1 and 5. Refer to Figure 5.43. The maximum increment at modes 1 and 5 is about
0.49%, which is negligible. The reduction in the modal frequencies indicates the
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presence of damage in the CFRP laminates. Although the damage is present in the
specimen, its concentration is localized at certain modes. The modes with the highest

levels of reduction in the modal frequency suggest the damage locality.
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Figure 5.43 Changes in the modal frequency for plate E2.
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Figure 5.44 Changes in the modal damping for plate E2.

In this test sample, the damage concentrated areas are modes 2, 4, 6, 7 and 9. The
variation in the modal damping factors in this sample appears different (see Figure
5.44). Apart from modes 1, 4 and 6; at all other modes, there is an increment in the
modal damping factor. This unstable behaviour of damping makes it less helpful as a
modal parameter for damage identification in a structure. The modal frequency

provides a better indicator in the damage identification process.
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There is a trend from Figure 5.37 to Figure 5.44. The more the damage inflicted on the
test specimens, the more changes in modal frequencies and the less changes in the
modal damping. However, further research is still required to obtain a firmer

conclusion.

15. Plate F; [0/+45/90]s

Apart from modes 1 and 5, the modal frequencies are reduced at all the modes
indicating the presence of damage in the test specimen. This suggests that the stiffness
of the laminates has been compromised across nearly all the modes. Because the
percentage increase of the modal frequencies at modes 1 and 5 are 1.65% and 0.37%

respectively; which are very negligible.
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Figure 5.45 Changes in the Modal frequency for plate F;.
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Figure 5.46 Changes in the Modal damping for plate F;.
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However, the primary location of the damage is from modes 8 to 10; with mode 10
having the highest impact. Refer to Figure 5.45. In Figure 5.46, the result indicates a
reduction in the modal damping factors at modes 2, 3, and 6 to 10, while at modes 1, 4
and 5, the modal damping factors increased. Again, it is difficult to draw a conclusion

from the behaviour of the modal damping factor.

16. Plate G4 [905/05/905]

As the damage is introduced to the specimen, the deviations in the frequency at modes
1, and from modes 4 to 10 decreased. See Figure 5.47. This suggests that the damage
is spread across those modes, but its locality had more impact from modes 4 to 10.
Those are the damage concentration areas. The crack growth commenced at mode 6,
before propagating to other modes. Obvious, this has compromised the integrity of the

test plate due to the reduction in the stiffness of the material.
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Figure 5.47 Changes in the Modal frequency for plate G;.
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Figure 5.48 Changes in the Modal damping for plate G;.

Furthermore, Figure 5.48 shows the behaviour of the modal damping factors after the
introduction of damage in the test specimen. The result indicates a reduction in the
modal damping at all the modes, except 4 and 5. Again, the amount of reduction in the

modal damping across those modes is insignificant.

5.4.3 Preliminary Observations on the Effect of Damage on different

Stacking Configurations

This section is focused on how different stacking configurations respond to damage in
composite CFRP laminates. The study considered three different stacking sequences,
each having two samples making it a total of 6 test plates. The specimens are labelled
in alphanumeric style. That is plates Al, A2, B1, B2, C1 and C2, as shown from Figure
5.49 to Figure 5.51. The laminate type of plates A and B is quasi-isotropic, and plate C
is a cross-ply (orthotropic). The aim is to understand how the laminate configuration

responds to low impact damages in a composite CFRP structure.

After the first test, the modal properties were extracted from the test data using
BETAIlab software developed by [25]. The software utilises the characteristic response
function (CRF) [25,245]. The variation in the modal frequencies and modal damping
are shown in Figure 5.49. It was observed that among all the plates, only plate C1
recorded a reduction in the modal frequencies across all the 10 modes. This suggests
that it is highly sensitive to damage. In plate Al, the reduction in the modal frequency

is from modes 2 to 8; while in plate A2 at mode 2, and from modes 5 to 10 there is a
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reduction in the modal frequencies. Plate B1 has a reduction in the modal frequencies

from modes 3 to 10, while reduction occurred at mode 4, 6, 7 and 8 in plate B2. The

modal frequencies decreased at modes 1, 2, 4, 8 and 9. There is a reduction in the modal

frequencies at modes 6 and 7 across all the plates. This implies that the modal stiffness

of the plates has been compromised significantly at modes 6 and 7.
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Also, with regards to the modal damping factors, there is a reduction at modes 3, and
from modes 5 to 10 in plate A1. However, in plate A2, modes 1, 4, 6, 8 and 10 showed
a decrease. Plates B1 and B2 has a decrease in the modal damping at modes 1, 2, 5, 6
and 10. However, plate B1 also recorded a reduction at modes 4 and 8, while plate B2
also had a reduction at modes 7 and 9. Interestingly, plates C1 and C2 has a reduction
in the modal damping at modes 1, 2, 3, 4, 6, 8, 9 and 10 in common. Plate C2 also has

a reduction at modes 5 and 7.

Furthermore, the second and the third test results are shown in Figure 5.50 and Figure
5.51 respectively. After the second test, there is a reduction in the modal frequencies
from modes 2 to 4 in plate Al, while plate A2 recorded a reduction from modes 6 to
10. Except at modes 2 and 8, there is a reduction in the modal frequencies at all modes
in plate B1; plate B2 has a reduction only at mode 2. Plate C1 has a reduction at modes
5 and 6, while plate C2 recorded a reduction at modes 2, 5, 7 and 10.

Similarly, after the second test, the modal damping decreased from modes 5 to 10 in
plate Al, and plate A2 recorded a reduction across all the modes but mode 5. Plate B1
has a reduction at all the modes except modes 3 and 10, while plate B2 has a reduction
at modes 1, 7, 9 and 10. Also, the modal damping reduced at modes 3, 4, 8, 9 and 10 in
plates C1. While, plate C2 has a reduction at modes 1, 5, 6, 8, 9 and 10.

Finally, after the last test, the modal frequencies from plate Al reduced from modes 2
to 7, while plate A2 recorded a reduction at modes 5, 8, 9 and 10. In plate B1, apart
from mode 2, all the modes recorded a reduction in the modal frequencies. Then plate
B2 has reduction from modes 6 to 8. Coincidentally, plates C1 and C2 has reduction in
the modal frequencies at modes 2, and from modes 5 to 10. However, plate C1 also has

a reduction at modes 3 and 4.

The modal damping reduced at modes 2 and from modes 5 to 10 in plate Al, while
plate A2 recorded a reduction only at modes 2, 8 and 10. Plate B1 has a reduction at
modes 1, 4, 5, 6 and 8. On the other hand plate B2 ha a reduction from modes 3 to 6,
and at model10. While, plate C1 has a reduction in the modal damping at modes 1, 2, 6,
8 and 9. All but modes 1, 7 and 8, has a reduction in the modal damping in plate C2.

Interestingly, plate B1 recorded the lowest modal frequencies at mode 5 across all the
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three tests. This suggest that the damage concentration area in plate B1 is around mode
5.

5.4.4 The Behavioural Pattern of Modal Parameters due to Increased

Energy Level

Assuming that BVID damage will not affect the mass, but the stiffness, then it is
reasonable to assume that the natural frequencies will decrease if one thinks of a
lumped-mass single degree-of-freedom vibration model. This is the underlying
assumption in most SHM and damage detection methods. Likewise, some works are
based on the fact that the modal damping factors change. However, this mechanism has
not yet been totally understood, as evidence does not always show that damping
necessarily increases with damage [262], which has been attributed to many reasons,
one of which the uncertainty in the identification algorithm used.

This section discussed the impact on the modal parameters due to the increasing energy
levels on the specimens. Three different energy levels were introduced into 8
specimens, with the aim of observing the behaviour of the modal parameters within the
first 10 modes. Since, damage was introduced three times, then we have six cases (see

Table 5.2) to compare in terms of how frequencies and damping evolve.

1. Plates A{_, [90/+45/0]¢

The response of the modal frequency and damping to damage in Plate A1 and A2 are
shown in Figure 5.52 and Figure 5.53 respectively. In Figure 5.52, after the first
increment in the energy absorbed by the test plate, the modal frequencies from modes
2 to 4 were reduced significantly just like as it was in the first test. Similarly, when
damage was introduced the third time with an energy level above that of the second

test, modes 2 to 7 recorded a drop in the modal frequencies.
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Figure 5.52 Modal parameters response to increased energy level in plate Al: (a)
Modal frequency (b) Modal damping.

It is interesting to note that the reduction occurred at the same modes except at mode 8
where reduction occurred only in the first test result. For the fact that the three tests
recorded a reduction in the modal frequency from modes 2 to 4, confirms the presence
of damage in the test plate. However, despite the increase in the energy level in the test
plate, the modal frequencies at modes 1, 9 and 10 are still on the increase even after the
three tests. In fact, the percentage increase is higher in the second test from modes 5 to
10.

Furthermore, after the second test, unlike the first test, there is an increase in the modal
damping for the first four modes with over 120% increase at mode 1. In all the three
test runs as the modal frequencies increases at modes 1, the modal damping increases
too. From modes 5 to 10, there is a reduction in the modal damping in all the three test
results. Although it is difficult to draw a conclusion from this result due to the unstable
behaviour of the modal damping, there is an interesting observation after the second
test. It is shown that the level of reduction in modal damping from modes 5 to 10 in test
3 are smaller than that of both test 1 and 2. This implies that as the damaged area

increases the modal damping tends to increase as well.

For better understanding of the response of the modal parameters to energy increase,
three more cases (from healthy to second damage (18.2J), from healthy to third damage
(34.7)), and from second damage to third damage (29.2J)) were considered. In all the
three cases, the results indicate an increase in the modal frequency across all the modes.

However, the increase is much higher when the energy increases from heathy to third

137



damage, which has the highest energy. Similarly, the modal damping recorded an
increase at all the modes due to the increase in energy to 34.7J. At 18.2J, there is an
increase in the frequency at modes 1, 2, 3, 4 and 5. While, at 29.2J, the increase in the
modal frequency is from modes 1 to 6, and at mode 9.
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Figure 5.53 Modal parameters response to increased energy level in plate A2: (a)
Modal frequency (b) Modal damping.

For plate A2 as illustrated in Figure 5.53, the second test recorded a drop in the modal
frequencies from mode 6 to 10. These modes also have a reduction in the modal
frequencies in the first test result. After the third test, it was observed that modes 5, 8,
9 and 10 has a reduction in the modal frequencies. These responses from the three test

results provide a strong indication of the presence of damage from modes 8 to 10.

Unlike the results from test 1, the modal damping reduced at all, but mode 5 after the
second test. It is evident that there is an increase in the modal damping at mode 5 across
all the three test results. Also, as the modal frequencies reduces at modes 8 and 10, the
modal damping reduces too in all the three test results. Although the modal damping
hardly provides a clear information about the presence of damage in a structure, after
the third test the number of modes that recorded an increase in the modal damping
increased to 7 out of the 10 modes considered. This suggest that if the damage area

increases, the modal damping would increase, which is also observed in plate Al.

Also, at the energy level of 17.8J, 31.3J and 26.2J, the modal frequencies across the ten
modes were all positive. This suggest that as the energy level increases, the modal
frequency increases. However, at 17.8J, the percentage increase at modes 1, 3 and 4 are

higher than those at 26.2J. Similarly, at 31.3J, the modal damping increases at all the
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modes. Also, there is an increase in the damping at modes 3, 5, 7 and 9 from 17.81J to
31.3J, with the highest percentage increase when the energy level is 31.3J. From the
result, it is convenient to say that, the higher the energy level, the higher the percentage
increase in the modal frequency and modal damping.

2. Plates By_, [90/0/+45]¢

In Figure 5.54 the behaviour of the modal frequencies from Plate B1 after the tests are
shown. Just like the result in test 1, in test 3 the modal frequencies reduced from modes
3to 10 with mode 1 inclusive. While in the second test, there is a reduction in the modal

frequencies at all the modes, except modes 2 and 8.
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Figure 5.54 Modal parameters response to increased energy level in plate B1: (a)
Modal frequency (b) Modal damping.

From the graph of plate B1, it is clearly revealed that the damage concentration is at
mode 5 across all the three tests. Of course, this is true because the impact energy was
introduced at the same location on the test plate, and the damage progression was
evenly spread from modes 3 to 5. Based on the results, it is convenient to assert that
there is a correlation between damage and modal frequency. As the damage progresses,

the modal frequencies of the laminates decrease at each mode.

Although there is a reduction in the modal damping at some modes after test 1, 2 and
3, there appears to be a shift to the positive side as the damage area increases. After the
second test, the gap between the decreased modal damping for the first and second test
closes, except at modes 7 and 9. While at mode 3, there is a continuous increase in the
modal damping from test 1 to 3. With the increase in the energy level in test 3, there is

an increase in the modal damping at modes 2, 3, 7, 9 and 10. With respect to test 1
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result, there is a relative increase in the modal damping after test 3; such that even the
decreased modal damping at modes 2, 4, 5, 6, 8 and 10 in the first test tends to the
positive axis after test 3. These results suggest that as the damage area increases, the
modal damping tends to increase.

Similarly, in Figure 5.55 the modal frequency and damping are plotted against the
modes to show their response to damage in plate B2. There is a reduction in the modal
frequencies from modes 6 to 8 in both test 1 and 3. This suggests the presence of
damage around those modes, with the damage concentration at mode 6, being the mode
with the highest level of reduction in the modal frequency. However, the modal
frequency decreased at mode 4 and 2 in test 1 and 2 respectively. There are 6 modes
with increased modal frequencies in the first test, 9 modes in the second test, and 7
modes in the final test.
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Figure 5.55 Modal parameters response to increased energy level in plate B2: (a)
Modal frequency (b) Modal damping.

This suggests that plate B2 has a high tensile strength, hence can withstand possible
damage growth to some extent. However, if the amount of stress on the plate keeps
increasing, cracks would develop at an exponential rate leading to deformation or
otherwise fails. The modal damping response to damage in plate B2 varies as the energy
level absorbed increases. There is an increase in the modal damping at modes 2, 3, 4,
5, 6 and 8 after test 2. The increase is higher than that of test 1 at same modes. In fact,
after the third test, the modal damping increases as the energy absorbed increases at
modes 1, 7, 8 and 9. There is a continuous increase in the modal damping at mode 8

across test 1 to 3.
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Although there is a reduction in the modal damping at modes 1, 2, 9 and 10, a closer
look at those modes in the plot reveals that as the damage level increases, the percentage
difference in the modal damping shifts from the negative axis to the positive axis or
closer to it. This behaviour suggests that if the damage area increases, the modal

damping will increase as well.

Just like in plate B1, from Figure 5.55, it is shown that, both modal frequency and
modal damping are increasing as the energy level increases from 14.5J to 27J, recording
the highest increase at 27J. One thing is clear, as the energy level increases, the modal

parameters tend to increase.

3. Plates C;_5 €1 [90/0],

Figure 5.56 shows the plots for both modal frequency and damping for plate C1. Except
test 3, the energy was introduced into the plate at the same location during test 1 and 2.
This is obvious in the results shown in Figure 5.56. The modal frequencies at all the
modes in both test 1 and 3 reduced, except mode 1 in test 3. However, there is a
reduction in the modal frequencies at modes 5 and 6 after the second test. Despite the
distance between the two points of impact on the plate, all the three test results confirm
the presence of damage at modes 5 and 6. This suggests that no matter the location of

damage in the laminate, the modal frequency is sensitive enough to detect it.
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Figure 5.56 Modal parameters response to increased energy level in plate C1: (a)
Modal frequency (b) Modal damping.

Furthermore, as regards the modal damping, there is an increase at modes 5 and 7 across
the three test results. Also, at mode 4 there is a systematic increase from the negative

axis to the positive axis as the energy level increased from test 1 to 3. Although it is

141



hard to draw a conclusion based on this behaviour, the result shows an element of

damage in the plate at modes 4, 5 and 7.

In Figure 5.57, the modal parameters for plate C2 are plotted against the mode number.
After test 1, the modal frequency decreased at modes 1, 2, 4, 8 and 9. While, modes 2,
5, 7 and 10 recorded a reduction in the modal frequencies after test 2. Finally, after test

3, the modal frequencies decreased at modes 2 and from 5 to 10.
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Figure 5.57 Modal parameters response to increased energy level in plate C2: (a)
Modal frequency (b) Modal damping.

For the fact that the modal frequency decreased at mode 2 across all the three tests,
suggest the presence of damage at that mode. Although the modal damping is reduced
across all the modes after test 1, there is an increase at modes 2, 3, 4 and 7 after test 2.
When the energy level is increased at test 3, the modal damping increased at modes 1,
7 and 8. On the other hand, as the energy level increases, the negative modal damping

(at modes 1, 5, 6 and 9) increases.

The response from the modal parameters in plate C2 is not too different from other
plates when the energy increased. With an increased energy from 18.6J to 36.3J, the
modal frequencies across the ten modes were increased. There appears to be a direct
relationship between energy increase and that of the modal parameters. Because,
despite the percentage reduction in the modal damping at modes 1, 5 and 6, they all
increased as the energy level increased to 36.3J.
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4. Plates D, [90,/05]g and E{[903/05]¢

The results from plate D1 after test 1 to 3 are shown in Figure 5.58. The result after test
1 indicates a reduction in the modal frequencies from modes 1 to 7; and modes 3 to 10
after test 3. It is interesting to note that the area of damage (from modes 4 to 6)
concentration is indicated in test 1 and 3 results. These are the modes with the highest
level of reduction in the modal frequencies after the damage is introduced. However,
test 2 result does not provide much information, except the reduction in the modal

frequency at mode 1.
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Figure 5.58 Modal parameters response to increased energy level in plate D1: (a)
Modal frequency (b) Modal damping.

The modal damping does not provide a clear indication of damage in the test specimen
as shown in Figure 5.58. Across all the modes in test 1, the modal damping reduced
greatly after the damage introduction. Similarly, in from test 3 result, all but mode 4
recorded a reduction in the modal damping. However, test 2 result shows an increase
in the modal damping at modes 2, 3, 5 and 9. Although the negative value is reducing
at mode 4 and 7 as the energy level in the test plate increases, the modal damping has

yet provided a clear indication of damage in the plate D1.

Figure 5.59 shows the modal parameters from healthy and damaged plate E1. Just like
other plates, three different amounts of energies were introduced into the test plate by
static testing, and vibration measurement conducted to extract the modal parameters.
The modal frequencies reduced at all the modes, but the 4™ mode after test 1. From the
second test result, it is shown that there is a reduction in the modal frequencies from
modes 3 to 10. The two modes with increased modal frequency are less than 1%. This
suggests that if the size of the crack increase around those modes, the modal frequencies

143



would reduce too. Upon the increase of the energy level in test 3, the modal frequencies
reduced from modes 1 to 3 and from modes 5 to 10. Based on the results after test 1, 2

and 3, the damage locality is within modes 9 and 10.
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Figure 5.59 Modal parameters response to increased energy level in plate E1: (a)
Modal frequency (b) Modal damping.

Although after the first test, the modal damping reduced across all the modes. But there
IS an increase at modes 1, 2 and from 5 to 8 after the second test is conducted. When
the energy is increased further, only modes 1, 6, 7, 8 and 10 recorded an increase in the
modal damping. However, with an overall consideration, as the energy level increases
from test 1 to 3 (a horizontal consideration), the modal damping increases at modes 1,
3, and from modes 6 to 10. This is true because the negative value decreases and tends

to the positive side as the crack size increases.
5.4.5 The Correlation between the Energy Increase and Modal Parameters

This section focused on examining the correlation between the energy increase in the
test specimens and their modal parameters (frequency and damping). This was achieved
by plotting the energy against the overall variation (i.e., arithmetic average of the modal
variations) in both frequency and damping percentages. The plots of the linear trend for

the test plates are shown from Figure 5.60 to Figure 5.67.
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Figure 5.60 Linear trend for identifying the correlation between energy increase and
modal parameters from Plate Al: (LHS) modal frequency (RHS) modal damping.
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Figure 5.61 Linear trend for identifying the correlation between energy increase and
modal parameters from plate A2: (LHS) modal frequency (RHS) modal damping.
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Figure 5.62 Linear trend for identifying the correlation between energy increase and
modal parameters from plate B1: (LHS) modal frequency (RHS) modal damping.

145



E B

Overall Variation in Frequency (Hz)

g

Overall Variation in Frequency (Hz)

B B

Overall Variation in Frequency (Hz)

¥ =9.1604x - 67 768
R* = 0.8468

¥ =9.4472x - 74.947 ~
R*=0.8462 -

5

Energy Increase (1)

® Average Variation ® RMS Variation

--------- Linear (Average Variation) --------- Linear (RMS Variation)

30

g

g

Overall Variaiton in Damping
g B

o

-50

y=B.8633x- 30557
R*=10.9433

v=10918x - 87.433
R*=0.9581

s .7 10 15 20 ] 30

Energy Increase (1)

® Average Variation ® RMS Variation

--------- Linear {Average Variation} --------- Linear (RMS Variation}

Figure 5.63 Linear trend for identifying the correlation between energy increase and
modal parameters from plate B2: (LHS) modal frequency (RHS) modal damping.
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Figure 5.64 Linear trend for identifying the correlation between energy increase and
modal parameters from plate C1: (LHS) modal frequency (RHS) modal damping.
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modal parameters from plate C2: (LHS) modal frequency (RHS) modal damping.
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Figure 5.67 Linear trend for identifying the correlation between energy increase and
modal parameters from plate E1: (LHS) modal frequency (RHS) modal damping.

From the plots in Figure 5.60 to Figure 5.67, it is observed that as the energy level
increases, the percentage change in both parameters increases. Except for plate C2,
there seems to be a modal sensitivity to damage threshold where the modal parameters
visibly start increasing. This happens from about 15J to 20J and helps understanding
much of the discussion in previous sections where the sensitivity of the modal
parameters to damage may not always be so clear. Assuming that the relations would
be linear, R-squared correlation coefficients were determined, ranging from 0.76 to
0.85 and from 0.58 to 0.97 for the modal frequency and modal damping factors,
respectively. This suggests the existence of a correlation between the energy increase
and the percentage variation in both modal frequency and damping. However, even if
it still shows the greater dispersion on the results from the modal damping factor (due
to a larger range), it is supporting the initial assumption that the hysteretic modal

damping factors tend to increase with damage in CFRP laminates.
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Analysis of the Response of Modal Parameters to Damage in CFRP Laminates using a
Novel Modal Identification Method

5.5 Experimental Results from the Elliptical Method

55.1 Plates A;_3, By_5,C1_3,D{_, and E;

The modal parameters provide information about the behaviour towards any
mechanical disturbances, for instance, vibration and damage. The aim of this section is
to show possible relationships between the changes in the ellipse parameters, such as

its area, and damage. The plot of the receptance amplitude, receptance phase and ellipse

are shown from Figure 5.68 to Figure 5.75 for plates Al and B1.

Figure 5.68 Healthy Receptance amplitude and phase for plate Al at 55Hz.

Figure 5.69 Damaged Receptance amplitude and phase for plate Al at 55Hz.

Figure 5.70 Healthy ellipse for plate Al at 55Hz.
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Analysis of the Response of Modal Parameters to Damage in CFRP Laminates using a
Novel Modal Identification Method

Figure 5.73 Damaged Receptance amplitude and phase for plate B1 at 55Hz.

Figure 5.74 Healthy ellipse for plate B1 at 55Hz.
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Figure 5.75 Damage ellipse for plate B1 at 55Hz.

The area and shape of the ellipse depend on the modal constants, which are local
properties, while modal frequency and damping are global properties. A consistent
change in the ellipse area due to damage would suggest a possible correlation. It is
evident in Figure 5.76 to Figure 5.78, that there is a wide gap between the area of the
ellipse of undamaged and damaged plates. The presence of damage in all the test plates
shown from Figure 5.76 to Figure 5.78 caused a drastic reduction in the area of the plate
at all the modes. The quantification of the deviation of the elliptical areas is shown in

Appendix A.
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Figure 5.76 Variation in the area of the ellipse for Plates Al, A2 and A3.
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Figure 5.80 Variation in the area of ellipse for Plate E1.

It is imperative to note that, from Figure 5.76 and Figure 5.78, the level of reduction in
the ellipse area when damage was introduced in the test plates are within the same
range. Apart from Plate C3 that has a minimum reduction rate of 97% at mode 6, the
reduction rate across all the modes in other plates are over 97%. In Figure 5.79 the
ellipse area reduced to nearly zero across all modes in plate D1. However, plate D2
recorded a reduction at all the modes, but mode 6. Again, the ellipse area reduced to

approximately zero in plate E1 as shown in Figure 5.80.

55.2 F; and G4

Figure 5.81 and Figure 5.82 presents the changes in the ellipse area for plates F, and G,
respectively. The result from both plates indicates some disparity between the results

from other plates. However, the results are still promising.
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Figure 5.81 Variation in the area of ellipse for plate F1.
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Figure 5.82 Variation in the area of ellipse for Plate G,

In plate F;, as shown in Figure 5.81, except at modes 2, 4 and 5, there is a reduction in
the ellipse area after the damage was introduced. As the damage increases, the ellipse
area at modes 2, 4 and 5 would reduce. Similarly, in plate G, (See Figure 5.82), the
ellipse areas reduced at all the modes, but modes 5, 6 and 7. This behaviour indicates
the presence of damage in the plate. The overall results from the elliptical method offers

an effective method for damage identification in CFRP laminates.

5.6 A Comparison of the Modal Damping between Ellipse Method
and BETAlab

This section highlights the behaviour of the damping factor data collected using
BETAIab and Elliptical Plane method. Figure 5.83 illustrates the modal damping data
from both BETAlab and Ellipse Method as clearly labelled. The objective is to compare

the results from both methods.

It is expected that the modal damping factor would increase as damage is introduced
into the CFRP laminates [57], but the result from BETAIlab in Figure 5.83 indicates that
except at modes 1, 2 and 4, there is a reduction at the other modes with the highest
reduction at mode 7 and the highest increase at mode 4. The Elliptical Plane method
offers a different result. From the ellipse method, there is an increase in the modal

damping at modes 1, 2, 3, 6 and 7, with the highest increase at mode 6.
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Method.
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Figure 5.85 Comparison of Plate A3 modal damping from: (a) BETAlab; (b) Ellipse
Method.

Similarly, the modal damping from plate A2 is shown in Figure 5.84. From the Figure,
it is shown that the data from the BETAlab method recorded an increase in the modal
damping at modes 2, 3, 5, 7 and 9, with the highest increase at mode 5. While the ellipse
method recorded an increase in the modal damping at modes 1, 3, 4, and from 7 to 10,

with the highest increase mode 9.

For plate A3, among the 10 modes from the BETAlab result, only three modes recorded
an increase in the modal damping, namely modes 1, 2 and 9 (See Figure 5.85). The
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highest increase occurred at mode 1, with a 45% increase. While the result from the

ellipse method shows an increase in the modal damping from modes 5 to 7 and at mode

10. Mode 6 has the highest increase in the modal damping.
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Figure 5.86 Comparison of Plate B1 modal damping from: (a) BETAlab; (b) Ellipse

Method.

The results from plates B1 and B2 are shown in Figure 5.86 and Figure 5.87
respectively. From the BETAIlab result, the modal damping increased at modes 3, 7 and
9 in plate B1, with the highest increase at mode 7. Similarly, the result from the ellipse

method indicated an increase at modes 3, 6 and 9, with the highest increase at mode 9.

This results from both methods show a close agreement.

(2)

e
=}
)

0025 °

Modal Damping
)
e o 2
(=] — o
— un b2
[m]
&
m]
&

0.005

o

Mode Number

¢ Healthy Data (Damp ) - Damaged Data (Damp.)

Modal Damping
& & & o o
= S ST
)

&
1

—
bo =

12

(b)
o °E OU
o
E 40609010
o ¢
]
¢ 0
Mode Number

©—Healthy Data (Damp )

[ Damaged Data (Damp.)

Figure 5.87 Comparison of Plate B2 modal damping from: (a) BETAIlab; (b) Ellipse

Method.

Furthermore, for plate B2, the modal damping from BETAIlab method increased at

modes 3, 4 and 8, with the highest increase at mode 4. While the result from the ellipse

method recorded an increase in the modal damping at modes 1, 2, 4, 5, 8 and 10. The

highest increase occurred at mode 1.

In Figure 5.88 and Figure 5.89 shows the plot of the modal damping extracted from
plate C1 and C2 using BETAIlab and Ellipse methods respectively. For plate C1, except
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for modes 5 and 7, the result from BETAlIab indicates a reduction in the modal damping

at the other modes. The highest increase in the modal damping occurred at mode 7.
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Figure 5.88 Comparison of Plate C1 modal damping from: (a) BETAlab; (b) Ellipse

Method.
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Figure 5.89 Comparison of Plate C2 modal damping from: (a) BETAIlab; (b) Ellipse
Method.

While the result from the ellipse method shows an increase in the modal damping at
modes 1, 2, 4, 6, 7, 8 and 10. This result suggests that the highest increase in the modal
damping is at mode 2. However, the BETAIab result from plate C2 shows that at all the
10 modes, there is a reduction in modal damping after the damage was introduced.
While, the result from the ellipse method indicates an increase in the modal damping at

modes 1, 3, 5, 6, 8, 9 and 10, with the highest increase at mode 5.

Similarly, the BETAIlab result shows a reduction in the modal damping at all the modes
after the damage was introduced in plate D1 (Figure 5.90). On the contrary, all but
modes 2 and 7 had a decrease in the modal damping from the ellipse method. Mode 10

has the highest increase in the modal damping.

The plots for plate D2 are shown in Figure 5.91. The result from the BETAlab method
indicates that the modal damping increased from modes 6 to 10, with the highest
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increase at mode 9. While the result from the ellipse method shows an increase in the
modal damping at modes 1, 2, 3, 5, 6, 7 and 9, with the highest increase at mode 3.
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Figure 5.92 Comparison of Plate E1 modal damping from: (a) BETAlab; (b) Ellipse

Method.

The results from plate E1 extract using BETAlab and the Ellipse method are shown in
Figure 5.92. From the BETAIlab plot, the modal damping decreased at all the modes,
just like in plates C2 and D1. However, the Elliptical Plane method recorded an increase
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in the modal damping at modes 1, 3, and from modes 7 to 10, with the highest increase

at mode 1.

In plate F1, except at modes 1, 4 and 5, the result from the BETAlab method shows a
reduction in the modal damping at the other modes (See Figure 5.93). Mode 4 has the
highest increase in the modal damping. While the Elliptical Plane method shows that,

there is an increase in the modal damping at modes 1, 3, 7 and 8, with the highest

increase at mode 8.
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Figure 5.94 Comparison of Plate G1 modal damping from: (a) BETAlab; (b) Ellipse
Method.

In Figure 5.94, the modal damping data extracted from plate G1 using BETAIlab and
Elliptical Plane method are shown. It is evident that among the 10 modes extracted
using BETAIab, only modes 4 and 5 has an increase in the modal damping, with the
highest increase at mode 4. The rest are all negatives, which implies a reduction. But
the result from the Ellipse method shows that the modal damping increased at modes

1, 5, 6 and 10; with the highest increase at mode 1.
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Suffice it to say that, the modal damping from the ellipse method has recorded more
decrease than the modal damping from the BETAlab method across all the test plates
considered. This suggests that the behaviour of the modal damping from the ellipse
method could be used for the monitoring of the health of a structure and as such will

present a promising future in the area of damage identification in CFRP structures.

5.7 Concluding Remarks

The modal frequency and damping of the test plates with different stacking
configurations were figured out and the impact of damage on the variability of the
modal properties were analysed. Results indicate that modal frequency is more sensitive
to damage in all the specimens, despite the stacking sequence, and that, as damage
progresses, frequencies reduce across all modes. As expected from earlier works [6,51],
results show changes due to the level of damage induced in the samples. However, it is
not always true that the modal parameters will change in a certain direction, as this may
depend on the location of damage (e.g., modal constants are local properties), on the
stacking sequence of the laminate [263] or a combination of other factors (including
experimental uncertainty, appearance of concurrent damage types, etc.) [6].

Although it was not possible to find a correlation between the stacking sequence and
how the modal parameters change with damage, it was observed that there is a strong
linear correlation between the energy level and the global modal parameters. For
instance, as the energy level increases, the percentage changes in both the modal
frequency and damping increases, especially from a threshold energy level determined

to be between 15J and 20J for the analysed cases.

Finally, the ellipse modal identification software developed within this research project
was used to analyse a total of 12 test plates. Except in Plate F; and G, the reduction in
the ellipse area is across all the modes (i.e. 100% rate of observation). However, its rate
of observation in plate F, and G, is 73%, which still is a good indicator. Although both
methods provide a positive result for damage identification, the ellipse modal
identification method appears to be more effective. The suitability is based on the
clarity of the results. The results from the ellipse modal identification method are more

obvious when compared to the BETAIab results.
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“No research is ever quite complete. It is the glory of a good bit
of work that it opens the way for something still better, and this

repeatedly leads to its own eclipse.”

— Mervin Gordon
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6 Conclusion and Future Work

6.1 Conclusions

The presence of damage in a CFRP composites impact on its local and global
properties. The modal frequency and damping are the global properties, while the
modal constants are the local properties. Two different software was used to extract the
modal properties from the vibration data, namely: BETAlab and Ellipse Method. Over
the years, attention has mainly been focused on the behaviour of the global properties
due to damage in the CFRP composites, with less interest in the local properties. This
work not only studies the response of the global properties to low impact damage but
also considered the possible suitability of the local properties in damage identification

in CFRP laminates.

The results from the BETAIlab software shows that the modal frequency is more
sensitive to damage than the modal damping. As expected from earlier works, results
show changes due to the level of damage induced in the samples. As damage progresses
in the laminates, the modal frequencies reduce across all modes, thereby suggesting the
presence of damage. However, when small energies are introduced, the increase in
certain modal frequencies was usually negligible in comparison with the decrease in
other frequencies. This apparent inconsistency between the initial hypothesis and the
observations for small energies is mainly attributed to experimental error and noise.
The modes with the highest amount of reduction in the modal frequencies signify the
damage concentration locality. The reduction in the modal frequencies means that the
mechanical properties of the CFRP have been compromised. Yet, the modal damping
does not provide clear and stable behaviour as regards damage identification in the
structure. This made it difficult to detect damage based on the modal damping of the
laminates. Although the modal damping is not a good damage indicator, a comparison
between the data from BETAIlab and the ellipse method indicates that the modal

damping from the ellipse method is more sensitive to damage in the laminates.

One important finding was that as the energy level increases, the percentage changes in
both the modal frequency and damping increases. The linear Equations reveal that there

is a correlation between the increase in energy and the percentage variation in modal
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frequency and damping, especially from a threshold energy level determined to be

between 15J and 20J for the analysed cases.

Regarding the stacking sequence of the laminates, there does not seem be any
correlation between how the modal parameters change with damage and the stacking
sequence of the laminate. Although the initial hypothesis was different, this makes
sense. Firstly, the modal damping factors and natural frequencies are global properties
(as opposed to local properties, i.e., they are the same at every location of the structure).
Secondly, the mechanics of composite materials can be described from global
properties of stiffness and mass approximating the laminate to a material with

homogeneous microstructure (take, for example, the rule of mixtures) [25].

Finally, a novel method for damage identification from FRF, based on the
representation of the receptance on the Elliptical Plane was developed. The Ellipse
plane method shows promise for damage detection using the ellipse area. It was
observed that as the damage in the CFRP laminates increases the area of the ellipse
reduces. Therefore, since the area and shape of the ellipse depend on the modal
constants (local modal properties), it implies that there might be a correlation between
the damage and the modal constants of the CFRP laminates. However, this would
require further experimentation to determine if there is a mathematical correlation (if
any) between damage and the shape of the ellipse, for example, by taking into account
that damage in CFRPs have complex morphologies that may affect how the modal

constants are affected from the presence of damage.

6.2 Future work

Although this research already contributed to the advancement in knowledge in the
field of damage detection in composite materials, through the presentation of a novel
modal identification method that has important properties that can be used as damage
features, it would be interesting to further expand on this research, namely by focusing
on the following areas:
e Solving the challenge relating to the unpredictable behaviour of modal
damping.

e Determining the correlation between damage and the modal constants.
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Assessing the modal response of complex structural geometries, hybrid
reinforced composites and natural fibre reinforced composites.

It would be important to understand what is determining the modal sensitivity
to damage threshold observed in this work. Although this was not assessed in
this work (it would require a C-Scan analysis), it would be interesting to
understand if this critical value is related with the CFRP failure modes, i.e. when
a delamination takes place. If that is the case, then modal parameters could be
used as a swift indicator not only to detect and locate damage in a CFRP as done
in other works (i.e. [5]), but also to quantifying the severity of damage in the
structure at a given instant and helping determining its remaining useful life
(prognosis).

Although the orthotropic laminates indicates more sensitivity to damage than
the isotropic laminates, it is difficult to draw a conclusion on the test conducted.
The behaviiour of the global properties due to damage, should be studied further
to ascertain any possible correlation.

Various curve-fitting techniques yield varying results, to improve accuracy, it
is important to determine confidence intervals instead of single point solutions.
This is necessary for accurate modal identification, especially when results are
used in other applications, such as SHM where data is noisy.
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Appendix A: Deviation in the Elliptical Areas

A.1l Area of Ellipse for Plates A; and 4,

Note: minus sign (-) means a reduction; positive sign (+) means an increase.

Area of Ellipse
% Test specimen A, Test specimen A,
S Healthy Damage | Variation % Healthy | Damage | Variation %
Plate Plate Variation Plate Plate Variation
1 8.709302 | 0.000643 | -8.70866 | -99.9926 17.61227 | 0.005273 | -17.607 | -99.9701
2 3.343537 | 0.000787 | -3.34275 | -99.9765 13.48396 | 0.003887 | -13.4801 | -99.9712
3 0.824029 | 0.000764 | -0.82327 | -99.9073 1.877685 | 0.00087 | -1.87682 | -99.9537
4 12.48928 | 0.001589 | -12.4877 | -99.9873 9.596134 | 0.000617 | -9.59552 | -99.9936
5 0.940124 | 0.000845 | -0.93928 | -99.9101 7.540367 | 0.00041 | -7.53996 | -99.9946
6 1.147677 | 0.000786 | -1.14689 | -99.9315 0.172932 | 0.000222 | -0.17271 | -99.8716
7 0.52639 0.00069 -0.5257 | -99.8689 0.399016 | 3.75E-05 | -0.39898 | -99.9906
8 10.3068 | 0.000963 | -10.3058 | -99.9907 3.799313 | 0.000928 | -3.79839 | -99.9756
9 8.370118 | 0.005736 | -8.36438 | -99.9315 5.096328 | 0.000757 | -5.09557 | -99.9851
10 0.241192 | 0.000233 | -0.24096 | -99.9034 4.003486 | 0.000839 | -4.00265 | -99.979
A.2 Area of Ellipse for Plates A; and B4
Area of Ellipse
§ Test specimen Ay Test specimen B4
= Healthy Damage | Variation % Healthy Damage | Variation %
Plate Plate Variation Plate Plate Variation
1 4799755 | 0.001117 | -4.79864 | -99.9767 1152533 | 0.001567 | -11.5238 | -99.9864
2 12.49834 0.00183 | -12.4965 | -99.9854 6.059295 | 0.001684 | -6.05761 | -99.9722
3 2.515284 | 0.002162 | -2.51312 | -99.914 9.022893 | 0.002385 | -9.02051 | -99.9736
4 0.968251 | 0.000409 | -0.96784 | -99.9578 0.090267 | 0.000555 | -0.08971 | -99.3852
5 0.500629 0.00048 | -0.50015 | -99.9041 2.147829 | 0.000862 | -2.14697 | -99.9599
6 0.494068 | 0.000592 | -0.49348 | -99.8802 1495537 | 0.000161 | -14.9552 | -99.9989
7 0.702029 | 0.000593 | -0.70144 | -99.9155 0.554138 0.00037 | -0.55377 | -99.9332
8 9.092416 | 0.000709 | -9.09171 | -99.9922 35.20457 | 0.001567 | -35.203 | -99.9955
9 14.6093 0.002596 | -14.6067 | -99.9822 22.0891 0.003456 | -22.0856 | -99.9844
10 13.99917 | 0.002889 | -13.9963 | -99.9794 6.752323 0.00021 | -6.75211 | -99.9969
A.3 Area of Ellipse for Plates B, and C4
Area of Ellipse
% Test specimen B, Test specimen Cy
S Healthy | Damage | Variation % Healthy | Damage | Variation %
Plate Plate Variation Plate Plate Variation
1 1.982004 | 0.001549 | -1.98046 | -99.9218 576972 | 0.00137 | -5.76835 | -99.9763
2 0.63888 | 0.000311 | -0.63857 | -99.9513 11.26318 | 0.001161 | -11.262 | -99.9897
3 4.89225 | 0.001761 | -4.89049 | -99.964 7.689135 | 0.000661 | -7.68847 | -99.9914
4 1.116083 | 0.000165 | -1.11592 | -99.9852 16.97017 | 0.000139 | -16.97 | -99.9992
5 0.8722 0.00055 | -0.87165 | -99.9369 1.330381 | 0.000245 | -1.33014 | -99.9816
6 6.566766 | 9.22E-05 | -6.56667 | -99.9986 8.404855 | 0.001878 | -8.40298 | -99.9777
7 11.32776 | 6.40E-06 | -11.3278 | -99.9999 0.373818 | 0.000381 | -0.37344 | -99.8981
8 2.743788 | 0.000592 | -2.7432 | -99.9784 6.0516 | 0.000802 | -6.0508 | -99.9867
9 15.60175 | 0.001627 | -15.6001 | -99.9896 1.631485 | 5.30E-05 | -1.63143 | -99.9968
10 2.771246 | 0.002153 | -2.76909 | -99.9223 2.694372 | 6.61E-05 | -2.69431 | -99.9975
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A.4 Area of Ellipse for Plates €, and C;

Area of Ellipse
§ Test specimen C, Test specimen Cq
S Healthy Damage | Variation % Healthy Damage | Variation %
Plate Plate Variation Plate Plate Variation
1 12.86663 | 0.005078 | -12.8615 | -99.9605 6.136082 | 0.002856 | -6.13323 | -99.9535
2 13.3148 0.000811 | -13.314 | -99.9939 8.187981 | 0.001275 | -8.18671 | -99.9844
3 4.020365 | 0.000204 | -4.02016 | -99.9949 5.496891 0.00031 | -5.49658 | -99.9944
4 2.67598 0.000206 | -2.67577 | -99.9923 0.928851 | 0.001186 | -0.92767 | -99.8723
5 1.17794 0.000124 | -1.17782 | -99.9895 0.113056 | 0.001803 | -0.11125 | -98.4052
6 9.806815 | 0.000437 | -9.80638 | -99.9955 0.14154 0.003676 | -0.13786 | -97.4029
7 4.787165 | 0.002289 | -4.78488 | -99.9522 1.154289 | 0.000842 | -1.15345 | -99.9271
8 44.65337 | 0.005564 | -44.6478 | -99.9875 5.123136 | 0.003888 | -5.11925 | -99.9241
9 2.51124 0.004483 | -2.50676 | -99.8215 20.88607 | 0.002236 | -20.8838 | -99.9893
10 23.7682 0.000715 | -23.7675 | -99.997 12.43974 | 0.000471 | -12.4393 | -99.9962
A5 Area of Ellipse for Plates D, and E4
Area of Ellipse
§ Test specimen D4 Test specimen E4
S Healthy | Damage | Variation % Healthy | Damage | Variation %
Plate Plate Variation Plate Plate Variation
1 3.215641 | 0.003274 | -3.21237 | -99.8982 5.638476 | 8.37E-05 | -5.63839 | -99.9985
2 9.209759 | 0.000519 | -9.20924 | -99.9944 57.23235 | 0.003324 | -57.229 | -99.9942
3 10.30306 | 0.002717 | -10.3003 | -99.9736 41.8361 | 0.000373 | -41.8357 | -99.9991
4 15.7832 | 0.001423 | -15.7818 | -99.991 25.98873 | 0.001069 | -25.9877 | -99.9959
5 0.46349 | 0.005762 | -0.45773 | -98.7568 18.06366 | 0.000263 | -18.0634 | -99.9985
6 0.781995 | 0.004098 | -0.7779 | -99.476 13.04952 | 0.001165 | -13.0484 | -99.9911
7 27.3888 | 7.77E-05 | -27.3887 | -99.9997 19.07945 | 0.001707 | -19.0777 | -99.9911
8 26.78143 | 0.000402 | -26.781 | -99.9985 41.02973 | 0.002586 | -41.0271 | -99.9937
9 1.505118 | 0.000909 | -1.50421 | -99.9396 7.12828 | 0.001667 | -7.12661 | -99.9766
10 2.925371 | 0.007786 | -2.91759 | -99.7338 17.13578 | 0.000333 | -17.1354 | -99.9981
A.6 Area of Ellipse for Plates F; and G4
Area of Ellipse
§ Test specimen Fy Test specimen G4
S Healthy Damage | Variation % Healthy Damage | Variation %
Plate Plate Variation Plate Plate Variation
1 0.002037 | 0.001384 | -0.00065 | -32.0569 0.002657 | 0.001011 | -0.00165 | -61.9496
2 0.001935 | 0.005628 | 0.003693 | 190.8527 0.002405 0.00042 | -0.00199 | -82.5364
3 0.001348 | 0.000509 | -0.00084 | -62.2404 0.00186 0.000395 | -0.00147 | -78.7634
4 0.000143 | 0.000267 | 0.000124 | 86.71329 0.00594 0.000884 | -0.00506 | -85.1178
5 0.000866 | 0.001455 | 0.000589 | 68.01386 0.001317 | 0.003138 | 0.001821 | 138.2688
6 0.000114 | 8.99E-05 | -2.4E-05 | -21.1726 0.000694 | 0.001472 | 0.000778 | 112.1037
7 0.000101 | 3.67E-05 | -6.4E-05 | -63.691 0.000118 | 0.000132 | 0.000014 | 11.86441
8 0.000497 | 0.000168 | -0.00033 | -66.1972 0.002113 | 0.002007 | -0.00011 | -5.01656
9 0.004591 | 4.05E-05 | -0.00455 | -99.118 0.001621 | 0.000277 | -0.00134 | -82.9118
10 0.004658 | 0.001497 | -0.00316 | -67.8617 0.004419 | 0.001615 | -0.0028 | -63.4533
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Appendix B: Variation in the Modal Parameters (BETAlab)

B.1 Variation in the Modal Parameters for Plates A,

(Test specimen A4)

§ Modal frequency (Hz) Modal damping
> Healthy Plate | Damage Plate | Variation | % Variation Healthy Damage Plate | Variation % Variation
Plate
1 55.35155 56.56806 1.216511 2.19779 0.015457 0.01794 0.002483 16.06392
2 112.4879 107.1435 -5.34432 -4.75102 0.021732 0.024947 0.003215 14.79385
3 148.7033 119.9519 -28.7514 -19.3347 0.01433 0.013111 -0.001219 -8.50663
4 183.8862 147.8246 -36.0616 -19.6108 0.01488 0.022914 0.008034 53.99194
5 231.9076 200.3637 -31.5439 -13.6019 0.014427 0.006582 -0.007845 -54.3772
6 278.5683 266.3426 -12.2256 -4.38874 0.01069 0.005924 -0.004766 -44.5837
7 338.8619 297.1261 -41.7358 -12.3165 0.020797 0.006702 -0.014095 -67.7742
8 361.767 354.5578 -7.20917 -1.99277 0.014251 0.006032 -0.008219 -57.6731
9 391.5385 402.4564 10.91785 | 2.788448 0.014209 0.005532 -0.008677 -61.0669
10 440.2174 464.7168 24.49936 | 5.565286 0.020383 0.007394 -0.012989 -63.7247
B.2 Variation in the Modal Parameters for Plates A,
(Test specimen 4,)
§ Modal frequency (Hz) Modal damping
= Healthy Damage Variation % Healthy Damage Variation %
Plate Plate Variation Plate Plate Variation
1 60.47797 63.1528 2.674828 | 4.422814 0.022279 0.014062 -0.00822 | -36.8823
2 95.44299 92.0856 -3.35739 | -3.51769 0.018042 0.021883 0.003841 | 21.28921
3 113.202 121.2158 8.013764 | 7.079172 0.022169 0.022497 0.000328 | 1.479544
4 154.7506 156.2391 1.48854 0.961896 0.01759 0.013002 -0.00459 -26.083
5 169.303 168.8725 -0.43053 | -0.25429 0.004673 0.018217 0.013544 | 289.8352
6 242.3501 237.6873 -4.66286 | -1.92402 0.011579 0.003995 -0.00758 | -65.4979
7 298.7867 296.2557 -2.53098 | -0.84708 0.005576 0.010908 0.005332 95.6241
8 371.2236 317.9035 -53.3201 | -14.3633 0.014532 0.004635 -0.0099 -68.1049
9 397.0022 362.4285 -34.5737 | -8.70868 0.014389 0.018981 0.004592 | 31.91327
10 451.2582 384.0818 -67.1764 | -14.8865 0.020434 0.013612 -0.00682 | -33.3855
B.3 Variation in the Modal Parameters for Plates A5
(Test specimen A3)
§ Modal frequency (Hz) Modal damping
= Healthy Damage Variation % Healthy Damage Variation %
Plate Plate Variation Plate Plate Variation
1 65.98118 66.21056 0.229386 | 0.347654 0.011018 0.016045 0.005027 | 45.62534
2 126.6291 123.2954 -3.33364 -2.6326 0.019986 0.02355 0.003564 | 17.83248
3 130.2594 129.5195 -0.73993 | -0.56804 0.019196 0.018102 -0.00109 -5.6991
4 171.8864 170.2306 -1.65581 | -0.96332 0.024636 0.014689 -0.00995 | -40.3759
5 215.0926 212.9556 -2.13702 | -0.99354 0.016419 0.010262 -0.00616 | -37.4992
6 270.2996 267.5571 -2.74249 | -1.01461 0.017105 0.004883 -0.01222 | -71.4528
7 329.7224 325.2455 -4.47687 | -1.35777 0.011973 0.003014 -0.00896 | -74.8267
8 380.3454 373.6717 -6.67365 | -1.75463 0.013485 0.010796 -0.00269 | -19.9407
9 402.4559 399.1527 -3.30316 | -0.82075 0.008182 0.008892 0.00071 8.677585
10 417.4216 409.1861 -8.2355 -1.97295 0.014448 0.013395 -0.00105 | -7.28821
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B.4 Variation in the Modal Parameters for Plates B,

(Test specimen B)
§ Modal frequency (Hz) Modal damping
= Healthy Damage Variation % Healthy Damage Variation %
Plate Plate Variation Plate Plate Variation
1 43.096489 44.699192 1.602703 | 3.718871 0.015367 0.008772 -0.0066 -42.9166
2 102.076538 | 104.558174 | 2.481636 | 2.431152 0.020926 0.014254 -0.00667 | -31.8838
3 154.112457 129.420776 | -24.6917 -16.0219 0.005852 0.010496 0.004644 | 79.35748
4 177.354156 150.58429 -26.7699 -15.094 0.012675 0.007188 -0.00549 -43.2899
5 297.134033 | 175.148453 | -121.986 | -41.0541 0.019017 0.011436 -0.00758 | -39.8643
6 323.268036 | 223.514908 | -99.7531 | -30.8577 0.010526 0.005117 -0.00541 -51.387
I 347.360046 294.313568 | -53.0465 -15.2713 0.009521 0.027041 0.01752 184.0143
8 401.399048 318.691711 | -82.7073 -20.6048 0.023911 0.015388 -0.00852 -35.6447
9 430.037903 347.70462 -82.3333 -19.1456 0.007216 0.009491 0.002275 | 31.52716
10 488.977478 | 396.097534 | -92.8799 | -18.9947 0.013488 0.012868 -0.00062 | -4.59668
B.5 Variation in the Modal Parameters for Plates B,
(Test specimen B,)
§ Modal frequency (Hz) Modal damping
= Healthy Damage Variation % Healthy Damage Variation %
Plate Plate Variation Plate Plate Variation
1 44.101353 49.852097 | 5.750744 | 13.03984 0.019776 0.0074 -0.01238 | -62.5809
2 103.40023 104.723671 | 1.323441 | 1.279921 0.024561 0.015173 -0.00939 | -38.2232
3 132.948761 135.874466 | 2.925705 | 2.200626 0.018153 0.018915 0.000762 | 4.197653
4 151.352249 | 139.797409 | -11.5548 -7.6344 0.018709 0.021371 0.002662 | 14.22845
5 173.423187 | 174.212784 | 0.789597 | 0.455301 0.020217 0.018978 -0.00124 | -6.12851
6 284.722107 | 250.161514 | -34.5606 | -12.1384 0.014526 0.010289 -0.00424 | -29.1684
7 314.987457 294.755035 | -20.2324 -6.42325 0.010413 0.006128 -0.00429 -41.1505
8 343.374725 328.657104 | -14.7176 -4.28617 0.007509 0.007796 0.000287 3.82208
9 405.577972 | 417.734192 | 12.15622 | 2.997258 0.020929 0.015159 -0.00577 | -27.5694
10 440.842346 | 444.379608 | 3.537262 | 0.802387 0.015021 0.006692 -0.00833 -55.449
B.6 Variation in the Modal Parameters for Plates B;
(Test specimen Bj3)
§ Modal frequency (Hz) Modal damping
S Healthy Damage Variation % Healthy Damage Variation %
Plate Plate Variation Plate Plate Variation
1 46.943035 47.921844 0.978809 2.0851 0.00211 0.013423 0.011313 | 536.1611
2 103.218201 | 102.863327 | -0.35487 | -0.34381 0.001429 0.017626 0.016197 1133.45
3 137.472672 | 137.094788 | -0.37788 | -0.27488 0.001589 0.016955 0.015366 | 967.0233
4 154.159866 172.149963 17.9901 11.66977 0.001437 0.017207 0.01577 1097.425
5 173.224319 253.215805 | 79.99149 | 46.17798 0.001805 0.02029 0.018485 1024.1
6 280.966858 292.29129 | 11.32443 | 4.030522 0.001535 0.014631 0.013096 | 853.1596
7 310.34021 336.445068 | 26.10486 | 8.411691 0.001543 0.011137 0.009594 | 621.7758
8 399.937439 | 359.999115 | -39.9383 | -9.98614 0.001557 0.009768 0.008211 | 527.3603
9 443.853851 425.275055 | -18.5788 -4.18579 0.001518 0.018527 0.017009 | 1120.487
10 471.96817 448.772919 | -23.1953 -4,91458 0.001809 0.008635 0.006826 | 377.3355
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B.7 Variation in the Modal Parameters for Plates C,

(Test specimen C4)

§ Modal frequency (Hz) Modal damping
= Healthy Damage Variation % Healthy Damage Variation %
Plate Plate Variation Plate Plate Variation
1 56.899643 56.349133 -0.55051 -0.96751 0.022326 0.012914 -0.00941 -42.1571
2 113.191887 102.071632 | -11.1203 -9.82425 0.018019 0.016364 -0.00166 -9.18475
3 156.815903 120.428421 -36.3875 -23.2039 0.027281 0.024167 -0.00311 -11.4145
4 167.998169 142.522903 -25.4753 -15.164 0.014189 0.010515 -0.00367 -25.8933
5 244.054169 188.684723 | -55.3694 -22.6874 0.006149 0.013136 0.006987 | 113.6282
6 312.239258 228.114334 | -84.1249 -26.9425 0.008862 0.00676 -0.0021 -23.7193
7 325.314758 282.554077 -42.7607 -13.1444 0.005706 0.014992 0.009286 162.741
8 368.297729 312.256042 -56.0417 -15.2164 0.020111 0.01701 -0.0031 -15.4194
9 396.854004 341.268555 -55.5854 -14.0065 0.017644 0.012872 -0.00477 -27.046
10 455.290619 364.06311 -91.2275 -20.0372 0.013837 0.010963 -0.00287 -20.7704
B.8 Variation in the Modal Parameters for Plates C,
(Test specimen C5,)
§ Modal frequency (Hz) Modal damping
= Healthy Damage Variation % Healthy Damage Variation %
Plate Plate Variation Plate Plate Variation

1 34.937496 34.756165 -0.18133 -0.51902 0.016855 0.002945 -0.01391 -82.5274
2 102.62207 102.361 -0.26107 -0.2544 0.024351 0.002069 -0.02228 -91.5034
3 131.818893 132.113571 | 0.294678 0.223548 0.016826 0.002427 -0.0144 -85.5759
4 142.413559 142.385895 | -0.02766 -0.01943 0.023416 0.002963 -0.02045 -87.3463
5 156.043533 212.541855 | 56.49832 | 36.20677 0.02053 0.002632 -0.0179 -87.1797
6 220.818588 284.249054 | 63.43047 | 28.72515 0.016894 0.003283 -0.01361 -80.5671
7 281.563202 322.783813 | 41.22061 14.63991 0.006277 0.002694 -0.00358 -57.0814
8 351.091034 349.568665 -1.52237 -0.43361 0.007339 0.003828 -0.00351 -47.8403
9 398.406006 397.845917 | -0.56009 -0.14058 0.014488 0.003134 -0.01135 -78.3683
10 412960175 | 453.298584 | 40.33841 | 9.768111 0.010111 0.003461 -0.00665 -65.77

B.9 Variation in the Modal Parameters for Plates C;

(Test specimen C3)

§ Modal frequency (Hz) Modal damping

= Healthy Plate | Damage Plate | Variation | % Variation Healthy Plate | Damage Plate | Variation | % Variation
1 37.205898 37.806858 0.60096 1.615228 0.001971 0.002887 0.000916 | 46.47387
2 103.149445 102.416794 | -0.73265 -0.71028 0.001535 0.002192 0.000657 42.8013
3 137.231262 137.922424 | 0.691162 | 0.503648 0.001514 0.002705 0.001191 | 78.66579
4 148.069672 148.428024 | 0.358352 | 0.242016 0.001445 0.002621 0.001176 | 81.38408
5 227.223938 220.733261 | -6.49068 -2.85651 0.001428 0.001467 0.000039 | 2.731092
6 290.629791 284.797638 | -5.83215 -2.00673 0.001596 0.002244 0.000648 40.6015
7 367.32489 325.841003 | -41.4839 -11.2935 0.001448 0.002716 0.001268 | 87.56906
8 406.680847 403.336853 | -3.34399 -0.82226 0.001417 0.003152 0.001735 | 122.4418
9 419.659973 416.832397 | -2.82758 -0.67378 0.002264 0.003569 0.001305 | 57.64134
10 453.164276 452.113464 | -1.05081 -0.23188 0.001713 0.002824 0.001111 | 64.85698
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B.10Variation in the Modal Parameters for Plates C,

(Test specimen Cy4)

§ Modal frequency (Hz) Modal damping

= Healthy Plate | Damage Plate | Variation | % Variation Healthy Plate | Damage Plate | Variation | % Variation
1 65.33989 64.506012 -0.83388 -1.27622 0.022547 0.020436 -0.00211 -9.36266
2 134.868912 134.072052 | -0.79686 -0.59084 0.025773 0.028362 0.002589 10.0454
3 179.509872 178.23996 -1.26991 -0.70743 0.020544 0.026959 0.006415 31.22566
4 275.081024 274.469025 -0.612 -0.22248 0.016274 0.012047 -0.00423 -25.9739
5 306.223083 305.643799 | -0.57928 -0.18917 0.009048 0.009299 0.000251 | 2.774094
6 358.7547 352.132935 | -6.62177 -1.84576 0.011057 0.010335 -0.00072 -6.5298
I 400.144562 398.963196 -1.18137 -0.29523 0.009743 0.006106 -0.00364 -37.3294
8 561.927368 430.839203 -131.088 -23.3283 0.008716 0.009124 0.000408 4.681046
9 672.886536 540.097839 -132.789 -19.7342 0.006624 0.003603 -0.00302 -45.6069
10 692.775146 620.009583 | -72.7656 -10.5035 0.002842 0.003717 0.000875 | 30.78818

B.11Variation in the Modal Parameters for Plates D4

(Test specimen D)

§ Modal frequency (Hz) Modal damping

= Healthy Plate | Damage Plate | Variation | % Variation Healthy Plate | Damage Plate | Variation | % Variation
1 48.388958 48.313831 -0.07513 -0.15526 0.011694 0.00215 -0.00954 -81.6145
2 131.510391 130.057892 -1.4525 -1.10447 0.021719 0.00271 -0.01901 -87.5224
3 178.770538 170.469406 -8.30113 -4.64346 0.013103 0.004431 -0.00867 -66.1833
4 275.35498 174.536301 | -100.819 -36.6141 0.005328 0.003095 -0.00223 -41.9107
5 348.802979 265.54187 -83.2611 -23.8705 0.006322 0.002331 -0.00399 -63.1288
6 381.546753 335.658264 | -45.8885 -12.027 0.00703 0.002961 -0.00407 -57.8805
7 458.353027 452.234894 -6.11813 -1.33481 0.011707 0.003222 -0.00849 -72.478
8 474.929749 478.213501 3.283752 0.691418 0.011849 0.003065 -0.00878 -74.1328
9 496.989166 539.915771 42.9266 8.637332 0.01186 0.002409 -0.00945 -79.688
10 548.868286 574.850281 25.982 4.73374 0.013826 0.002263 -0.01156 -83.6323

B.12Variation in the Modal Parameters for Plates D,

(Test specimen D,)

§ Modal frequency (Hz) Modal damping

= Healthy Plate | Damage Plate | Variation | % Variation Healthy Plate | Damage Plate | Variation | % Variation
1 59.877434 61.753349 1.875915 | 3.132925 0.008029 0.006872 -0.00116 -14.4103
2 177.326706 179.927094 | 2.600388 | 1.466439 0.00913 0.006974 -0.00216 -23.6145
3 211.240265 214.167236 | 2.926971 | 1.385612 0.009921 0.007393 -0.00253 -25.4813
4 259.302063 233.941772 | -25.3603 -9.78021 0.00775 0.007049 -0.0007 -9.04516
5 370.08313 261.969513 | -108.114 -29.2133 0.010733 0.005985 -0.00475 -44.2374
6 486.620331 372.727753 | -113.893 -23.4048 0.006754 0.007776 0.001022 | 15.13177
7 550.662842 492513641 | -58.1492 -10.5599 0.004528 0.007781 0.003253 | 71.84187
8 568.319641 549.894409 | -18.4252 -3.24205 0.004634 0.005442 0.000808 | 17.43634
9 653.246765 565.821899 | -87.4249 -13.3831 0.00218 0.006105 0.003925 | 180.0459
10 680.201538 658.743225 | -21.4583 -3.1547 0.003913 0.004954 0.001041 | 26.60363
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B.13Variation in the Modal Parameters for Plates E,

(Test specimen E4)

§ Modal frequency (Hz) Modal damping

= Healthy Plate | Damage Plate | Variation | % Variation Healthy Plate | Damage Plate | Variation | % Variation
1 55.480534 55.233414 -0.24712 -0.44542 0.018011 0.002973 -0.01504 -83.4934
2 149.463028 146.015396 | -3.44763 -2.30668 0.0248 0.002379 -0.02242 -90.4073
3 184.726898 179.653885 -5.07301 -2.74622 0.016948 0.002829 -0.01412 -83.3078
4 220.414536 222.656799 2.242263 1.017294 0.017253 0.002836 -0.01442 -83.5623
5 246.083603 245.389389 | -0.69421 -0.2821 0.011386 0.002479 -0.00891 -78.2276
6 335.941437 320.028839 | -15.9126 -4.73672 0.004789 0.001955 -0.00283 -59.1773
I 395.581451 394.9086 -0.67285 -0.17009 0.003428 0.002513 -0.00092 -26.6919
8 469.693848 455.003387 -14.6905 -3.12767 0.004464 0.002466 -0.002 -44.7581
9 555.377869 486.417206 -68.9607 -12.4169 0.014458 0.00242 -0.01204 -83.2619
10 665.871094 542.608521 | -123.263 -18.5115 0.006108 0.002576 -0.00353 -57.8258

B.14Variation in the Modal Parameters for Plates E,

(Test specimen E,)

§ Modal frequency (Hz) Modal damping

= Healthy Plate | Damage Plate | Variation | % Variation Healthy Plate | Damage Plate | Variation | % Variation
1 72.448181 72.711899 0.263718 | 0.364009 0.00886 0.00775 -0.00111 -12.5282
2 223.153946 220.861298 | -2.29265 -1.02738 0.012793 0.022353 0.00956 74.72837
3 245.534195 245,113388 -0.42081 -0.17138 0.010554 0.022982 0.012428 117.7563
4 275.885956 272.298553 -3.5874 -1.30032 0.010308 0.009843 -0.00047 -4.51106
5 301.122803 302.587067 | 1.464264 | 0.486268 0.006117 0.008544 0.002427 | 39.67631
6 447.499176 441046326 | -6.45285 -1.44198 0.009052 0.008575 -0.00048 -5.26955
7 589.654846 580.059814 -9.59503 -1.62723 0.001185 0.005821 0.004636 391.2236
8 675.352417 664.926208 -10.4262 -1.54382 0.001957 0.017268 0.015311 782.371
9 740.969971 740.108948 | -0.86102 -0.1162 0.001151 0.033898 0.032747 | 2845.091

B.15Variation in the Modal Parameters for Plates F4

(Test specimen F4)

§ Modal frequency (Hz) Modal damping

= Healthy Plate | Damage Plate | Variation | % Variation Healthy Plate | Damage Plate | Variation | % Variation
1 62.954136 63.990578 1.036442 1.646345 0.009429 0.009497 6.8E-05 0.721179
2 145.372482 143.877548 | -1.49493 -1.02835 0.026965 0.018418 -0.00855 -31.6966
3 197.753021 197.315826 -0.4372 -0.22108 0.013295 0.01026 -0.00304 -22.8281
4 209.776566 209.207809 | -0.56876 -0.27113 0.011205 0.01356 0.002355 21.0174
5 236.578079 237.446243 | 0.868164 | 0.366967 0.010372 0.010595 0.000223 | 2.150019
6 280.275635 280.256622 | -0.01901 -0.00678 0.008727 0.008278 -0.00045 -5.14495
7 349.187531 346.321381 -2.86615 -0.82081 0.008464 0.007859 -0.00061 -7.14792
8 384.907318 378.513916 -6.3934 -1.66102 0.012883 0.012471 -0.00041 -3.19801
9 452.145386 443.671844 | -8.47354 -1.87407 0.010827 0.009494 -0.00133 -12.3118
10 541.782471 465.332428 -76.45 -14.1108 0.008557 0.007099 -0.00146 -17.0387
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B.16 Variation in the Modal Parameters for Plates G4

(Test specimen G4)

§ Modal frequency (Hz) Modal damping

= Healthy Plate | Damage Plate | Variation | % Variation Healthy Plate | Damage Plate | Variation | % Variation
1 56.440022 55.268631 -1.17139 -2.07546 0.029255 0.01677 -0.01249 -42.6765
2 124.252182 124.561043 | 0.308861 | 0.248576 0.028071 0.026969 -0.0011 -3.92576
3 158.016495 158.668091 0.651596 0.412359 0.029337 0.02174 -0.0076 -25.8956
4 184.138474 160.716431 -23.422 -12.7198 0.013419 0.022676 0.009257 68.98428
5 215.186844 186.288467 | -28.8984 -13.4294 0.009361 0.018565 0.009204 | 98.32283
6 300.119751 214.562943 | -85.5568 -28.5076 0.016622 0.014826 -0.0018 -10.805
I 345.904785 298.377655 -47.5271 -13.7399 0.01736 0.007156 -0.0102 -58.7788
8 379.02359 344.274811 -34.7488 -9.16797 0.014196 0.008457 -0.00574 -40.4269
9 455.085052 378.293396 -76.7917 -16.8741 0.031987 0.008396 -0.02359 -73.7518
10 488.201416 476.063599 | -12.1378 -2.48623 0.012229 0.004546 -0.00768 -62.8261
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