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ABSTRACT
A well-established structural health monitoring (SHM) technique, the Lamb wave based
approach, is used for fatigue damage identification in a laminated composite. A novel damage
index, ‘normalized correlation moment’ (NCM) which is composed of the nth moment of the
cross correlation of the baseline and comparison waves, was used as damage index for
monitoring damage in composites and compared with the signal difference coefficient (SDC)
which is one of the most commonly used damage indices. Composite specimens were fabricated
by the hand layup method by followed by compression. Piezo electric disks mounted on
composite specimens were used as actuators and sensors. Three point bending fatigue tests were
carried out on an intact composite laminate and a delaminated composite laminate with
[06/904/06] orientation. Finite element analysis was performed to test the validity of SDC and
NCM for fatigue damage.
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CHAPTER 1
INTRODUCTION
Structures such as a car, an airplane, a sporting equipment, a ship, a fuel tank, a satellite,
a bicycle, and a train have been made of carbon fiber reinforced plastic (CFRP) over the past few
decades. For example, the Boeing 787 contains almost 50% composites of its total weight in
carbon composites as shown in Figure 1.1 [1]. The reason why CFRP is often used for primary
airframe structures is because of its high specific stiffness and strength ratio, tailor ability, lightweight, good corrosion resistance and radar absorption, and ease of manufacturing.

Figure 1.1 Application of advanced composite material in the Boeing787 dreamliner [1]
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However, composite materials are susceptible to damage from impact, fatigue loading,
and hygrothermal effect. Mechanisms of damage in CFRP such as delamination, matrix
cracking, fiber buckling, fiber break age, and fiber matrix debonding are more complicated than
metals. The damage directly impacts the safety of structures. For instance, impact damage makes
the compression strength of composite dramatically decrease although impact damage is barely
visible as shown in Figure 1.2 [2]. Therefore, damage detection in the early life cycle is very
important to ensure the reliability of structures.

Figure 1.2 (a) image of impacted composites surface (b) ultrasonic inspection result [2]
Some techniques for damage detection have been investigated because several
catastrophic accidents have occurred: The crash of Japan Airlines Flight 123 which is the
deadliest single aircraft accident in history [3] shown in Figure 1.3, the metal fatigue on British
Overseas Airways Corporation Flight 781, the collapse of the Seongsu Bridge in Korea [4]
shown in Figure 1.4, the derailment of Intercity-Express (ICE) in German, and the Space Shuttle
Columbia disaster. Most of these accidents are caused because of fatigue damage.
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Figure 1.3 Crash of Japan Airlines Flight 123 [3]

Figure 1.4 Collapse of the Seongsu Bridge in Korea [4]
The main cause of the crash of Japan Airlines Flight 123 was an improper repair. The improper
repair resulted in allowing fatigue crack to propagate rapidly causing rapid break-up of the
fuselage aft bulkhead. The collapse of the Seongsu Bridge in Korea was caused by improper
welding of the steel trusses of the suspension structure beneath the concrete slab roadway [4] and
metal fatigue occurred earlier than expected. Most of these accidents were caused by human
error leading to fatigue failure. Therefore, non-destructive evaluation (NDE) techniques such as
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ultrasonic scanning, X-ray CT scanning, magnetic resonance imagery, and acoustic holography,
which are one of the techniques to investigate damage in structures, have been developed and
researched. In NDE technique, in which sensors and actuators are usually external to the
structure, damage can be can detected at early stage in a non-destructive manner and thereby
catastrophic events can be prevented. Traditionally, NDE is usually conducted at scheduled
intervals. This means NDE technique cannot automatically provide the information of damage
when structures are in service. That is because most NDE equipment we used cannot provide
efficient access to appropriate sections of the structures during service [5].
Recent development of sensor technology allows us to continuously monitor the
structures in real time. This technology is called Structural Health Monitoring (SHM) which
evolved from NDE. Unlike in traditional NDE, in SHM sensors and actuators are continuously
monitored on structures while they are in service and provide data for “repair/replace/ignore”
decision process. Consequently, by utilizing the concept of “condition-based maintenance
(CBM)” as opposed to “time-based maintenance (TBM)” SHM can reduce unnecessary
maintenance and thereby, reduce the total maintenance cost. In addition, SHM can be used to
predict the remaining useful life by detecting the damage size and location. Thus, SHM has been
gaining popularity in aerospace engineering and civil engineering fields. For instance, SHM is
used for monitoring bridges in Japan [6]. The Boeing Airplane Health Management (AHM) is on
board Boeing 787 [7]. In general, SHM consists of four processes: (1) operational evaluation, (2)
data acquisition, fusion, and cleansing, (3) feature extraction and information condensation, (4)
and statistical model development for feature discrimination. Operational evaluation decides the
economic and life safety motivations, damage types to be monitored, operational and
environmental conditions, and the limitations of acquiring data under the operational
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environment. Data acquisition decides the number of reading samples, the hardware for the
acquisition, the storage, and the transmission of data, the type, the number, and the location of
sensors. Feature extraction and information condensation involve the identification of damagesensitive properties using the measured vibration response to differentiate between the
undamaged and damaged structure. Statistical model development for feature discrimination is to
decide the damage state: is there damage in the system? If so, where is the damage in the
system? what kind of damage is present? how severe is the damage? and how much useful life
remains? [8].
Damage detection is conducted by active or passive approaches. The active approach
uses an actuator such as a lead zirconate titanate (PZT) and a macro fiber composite (MFC) and
measure the responses. On the other hand, a passive approach does not use any actuators but
sensors to receive the responses. Both approaches use mounted or embedded actuators/sensors to
receive the responses [9]. Staszewski et al. [9] demonstrated both approaches for impact damage
detection since detection of impact damage is an important problem in aerospace industries.
Active approach based on Lamb wave responses and a 3-D laser vibrometer detected and
estimated the location of damage and its severity, but this approach needed sophisticated
instrumentation. Passive approach using Genetic Algorithms (GAs) found the location of damage
although this method did not need any sophisticated instrumentation. Staszewski concluded a
combination of both approaches may work well.
Global or local changes of a structure can be used for damage parameters. Usually,
global changes including eigen-frequency, mode shape, strain energy, damping properties are not
sensitive to damage before it reaches a noticeable size. Local changes that can be calibrated by
electro-mechanical impedance and displacement or strain are sensitive when damage is near
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sensors but they are insensitive to damage that is distant from sensors. Acoustic emission (AE)
can measure damage size and location by triangulation and predict damage growth but this
method cannot evaluate damage severity [5]. Recently, wave-based approaches have been
researched and quantitatively evaluate damage [10-13].
Wave-based approaches have significant advantages: a wave propagates a long distance
and is high sensitive to abnormalities and inhomogeneity in a structure. Over the past few
decades, damage detection using Lamb waves have been established and favored by researchers
because its advantages: low cost, capability of inspecting large structure with a few transducers
and examining the entire cross-sectional area of structures to detect surface and internal defects,
high sensitivity to manufacturing defects and in service damage, the possibility of inspecting
coated or insulated structures such as underground pipelines, and use in automated damage
detection [5]. Kessler et al. [10] presented Lamb wave methods for composite materials and
concluded that Lamb wave techniques provided more information about damage presence and
severity than frequency response techniques [11]. Nagabhushana et al. [12] also used Lamb
wave to identify crack damage in composites. In this thesis, SHM using Lamb waves was
conducted to detect fatigue damage in laminated CFRP composite materials. Fatigue
delamination commonly occurs between adjacent composite layers in service time and because it
remains hidden inside the laminate, it often causes catastrophic events. Therefore, detecting
delamination fatigue damage at an early stage is critical. In this thesis, piezoelectric actuators
mounted on the composite surface were used to generate Lamb waves and the responses were
measured by piezoelectric sensors mounted on the composite surface. As a damage index, a
signal difference coefficient (SDC) developed by researchers at Penn State University [13] and a
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normalized correlation moment (NCM) developed by Torkamani [14] were used to evaluate
damage. Finite element analysis was used to validate the experimental results
This thesis consists of six chapters. Chapter 2 provides the literature review including
introduction to Lamb wave, damage identification based on Lamb wave technique, damage
identification algorithm, fatigue damage, and finite element analysis for simulating Lamb wave
propagation. Damage indices including SDC and NCM are also introduced in this chapter.
Chapter 3 provides the experimental study to detect delamination fatigue damage including
composite laminate fabrication with and without built-in delamination, data acquisition setup,
experimental setup, and experimental results. Three point bending fatigue test was conducted and
resulting damage indices, SDC and NCM, were calculated. Chapter 4 describes the finite element
simulation analysis. ABAQUS, a commercial finite element code, was used for simulating Lamb
wave propagation in a composite laminate. SDC and NCM were also calculated from the FEA
data. Results and discussion are summarized in Chapter 5. Conclusions and recommendations for
future works are presented in Chapter 6.
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CHAPTER 2
LITERATURE REVIEW
This Chapter includes the introduction to Lamb waves, damage detection using Lamb
waves, damage identification algorithms, fatigue damage, and finite element analysis.
2.1

Introduction to Lamb waves
Lamb waves were first described as one of acoustic waves by Horace Lamb, English

mathematician, in 1917 [15]. However, he did not use Lamb waves for damage detection. The
first person to use Lamb waves for damage detection is Worlton [16] in 1961. Lamb waves are
elastic waves: the wave propagates in an elastic plate-like structure, and can propagate long
distances and can be used to detect internal and surface damage. Lamb waves have two
fundamental modes, symmetric modes (Si, 𝑖 = 0, 1, ⋯) and anti-symmetric modes (Ai, 𝑖 =
0, 1, ⋯). The lowest order symmetric modes (S0) and lowest order anti-symmetric modes (A0) are
shown in Figure 2.1. Si modes have in-plane motion of particles while Ai modes have out of
plane motion of particles. Lamb waves have infinite modes, and as the frequency increases,
higher modes are generated. Lamb waves are dispersive, which means their wave velocity
depend on their frequency and plate thickness. For example, Lamb waves with a central
frequency 300 kHz are excited in a plate like structure. The S0 mode peaks at 293 kHz and the A0
mode peaks at 332 kHz in the captured signal [5]. They are not equal to the original central
frequency 300 kHz. This phenomenon is called dispersion and makes the received waves
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complicated. Therefore, for damage detection, excited Lamb waves should be less dispersive and
have only the required modes.

Figure 2.1 Lowest order symmetric modes and anti-symmetric modes of Lamb waves
In order to decide the frequency of Lamb wave for damage detection, dispersion curves
are commonly used. The Rayleigh-Lamb equations can be used to determine dispersion curves
for isotropic materials. As an example, dispersion curves of a 4mm thick aluminum plate
determined numerically are shown in Figure 2.2. The first graph shows the relationship between
the phase velocity and the frequency of Lamb wave. Similarly, the second graph shows the group
velocity vs the frequency of Lamb wave [17]. Here, the phase velocity is the velocity of the wave
of the particular frequency and the group velocity is the velocity of the overall wave packet. As
the frequency increases, more modes exist. From the dispersion curves, the frequency of Lamb
wave is chosen so that the Lamb wave is not dispersive and has a required mode. In the case of
aluminum, 300 kHz Lamb wave can be chosen because it has only S0 mode and A0 mode. More
details can be found in [17].
9
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Figure 2.2 Lamb wave dispersion curves for an aluminum plate
Dispersion curves for anisotropic composite materials are more complex than those for
isotropic metals. There are several methods to evaluate dispersion curves in composites: transfer
matrix method (TMM) described in [18], global matrix method (GMM) developed by [19], semianalytical finite element method (SAFE) studied in [20], local interaction simulation approach
10

(LISA) [21], and equivalent matrix method (EMM) used in [22]. These details are described in
[23]. Finding dispersion curves of composites is not easy and commercial soft wares such as
DISPERSE developed by Imperial College in London and GUIGUW [24] can be used. In this
study, GUIGUW was used to detect dispersion curves for the composite laminate with
[06/904/06] orientations.

Figure 2.3 Dispersion curves for the composite laminate with [06/904/06] orientations
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In Figure 2.3, Cph and Cg are phase velocity and group velocity, respectively. SH0 is shear
horizontal wave mode which dominates in-plane motion of particles but its direction is
perpendicular of wave propagation.
2.2

Damage detection using Lamb waves
Lamb waves have been used for damage detection and there are many studies for

damage detection using Lamb waves [25-31], and two basic configurations, pitch-catch and
pulse echo shown in Figure 2.4 and Figure 2.5. In a pitch-catch configuration, activated waves
propagate across damage and are captured by another sensor. Damage can be found by
comparing the changes between initial waves and transmitted waves. In a pulse-echo
configuration, actuators and sensors are located at the same side and sensors capture the echoed
wave from damage. This can detect the location of damage by the time of flight of the
reflections. The time of flight (ToF) is one of the simple features of a Lamb wave for damage
identification and is defined as the time lag between the incident wave that the sensor first
captures and the echoed wave from damage that the same sensor subsequently captures. It is
further described in section 6.2.2 in [5]. Diamanti and Soutis used ToF for damage location in
[25].

12

Figure 2.4 Pitch-catch configuration

Figure 2.5 Pulse-echo configuration

2.3

Damage identification algorithms
In the wave based approach, detecting changes between the incident and the captured

waveforms is very important to identify damage. Some damage identification algorithms have
been used to find certain characteristics of the waveforms associated with those changes. Those
characteristics of waveforms are referred as “features” and applying damage identification
algorithms is referred as “feature extraction” [14]. As a feature extraction, two main approaches
13

exist: model-based feature extraction and signal-based feature extraction. Model-based feature
extraction is suitable in applications where the user has knowledge of the loading and damage in
advance. For example, the embedded sensitivity method is useful when the location of the
damage is already known so that the proper measurement can be performed to qualify the
damage level [26]. In the signal-based feature extraction, without using physical models, features
of waveforms are directly extracted from signals. In this approach, an indicator of damage called
damage index (DI) are often used. Three types of damage indices exist: DIs in time domain, DIs
in frequency domain, and DIs in joint time/frequency domain. The simplest DI in time domain is
comparing the peak amplitude between the baseline (undamaged) and the comparison (damaged)
signal.
A damage index based on the Pearson correlation coefficient developed by researchers
at Penn State University [13] is often used because this damage index can be applied for
challenging problems in damage detection in composites. The Pearson correlation coefficient is a
statistical feature and is defined by Equation (2.1).
𝑇ℎ𝑒 𝑃𝑒𝑎𝑟𝑠𝑜𝑛 𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 =

𝐶𝑜𝑣(𝑓1 (𝑡), 𝑓2 (𝑡))
𝜎𝑓1 𝜎𝑓2

(2.1)

where 𝑓1 (𝑡) and 𝑓2 (𝑡)are the baseline and the comparison waveform, 𝐶𝑜𝑣(𝑓1 (𝑡), 𝑓2 (𝑡)) is the
covariance of 𝑓1 (𝑡) and 𝑓2 (𝑡), and 𝜎𝑓1 𝜎𝑓2 is the product of the standard deviations of 𝑓1 (𝑡) and
𝑓2 (𝑡). The damage index based on the Person correlation coefficient is defined by Equation (2.2)
and is called the signal difference coefficient (SDC).
𝑆𝐷𝐶 = 1 − |

𝐶𝑜𝑣(𝑓1 (𝑡), 𝑓2 (𝑡))
|
𝜎𝑓1 𝜎𝑓2

(2.2)

SDC statistically compares the present signal and the reference signal and indicates the overall
change in the structure. SDC has been successful in the identification of damage in multiple
14

challenging cases. Gao et al. [13] applied SDC for an artificial defect in an aircraft wing.
Although an aircraft component is generally a complicated shape structure, which makes
captured waveforms complicated, SDC was able to identify the damage. Zhao et al. [27] used
some tomography algorithms with SDC feature for the identification of corrosion on an aircraft
wing and identified even small simulated corrosion defects. Yan et al. [28] used the damage
identification algorithm based on SDC for an aluminum plate and a composite plate and their
algorithm found the location, the size, and the severity of damage. Lissenden et al. [29] applied
SDC for fatigue damage in laminated composite plates and SDC was able to provide an early
indication of damage. Keulen et al. [30] compared their damage identification algorithm with
SDC for verification. Thus, SDC has widely been used for damage identification.
A novel time domain damage index, called normalized correlation moment (NCM), was
introduced by Torkamani et al. [14] and is based on cross-correlation and moment. In signal
processing, cross-correlation is used for measuring the similarity between two signals. For
example, when you want to detect where the specific signal is in a certain signal component,
performing cross-correlation can detect it by measuring the similarity between the signal you
want to find and the certain signal component. Cross-correlation of two signals, 𝑓1 (𝑡) and 𝑓2 (𝑡),
is given by Equation (2.3).
∞

𝑟𝑓1 𝑓2 (𝜏) = ∫ 𝑓1 (𝑡)𝑓2 (𝑡 − 𝜏)𝑑𝑡
−∞

(2.3)

where 𝑓1 (𝑡) and 𝑓2 (𝑡)are the baseline and the comparison waveform and 𝜏 is referred to the lag
parameter. This equation mathematically means calculating a series of shifted dot products.
When two signals are most similar to each other in terms of frequency and phase, the crosscorrelation takes maximum value. In damage detection, measuring changes of frequency and
phase is important. In addition, wave attenuation is an important factor. Torkamani et al.
15

introduced the concept of moment to account for the overall shape of the waveform. Statistically
speaking, a moment is able to measure the shape of a distribution. He took advantage of nth
moment of cross-correlation, resulting in a novel damage index named normalized correlation
moment (NCM) as given by Equation (2.4).
𝑇

𝑁𝐶𝑀 =

𝑇

∫0 𝜏 𝑛 |𝑟𝑓1 𝑓2 (𝜏)|𝑑𝜏 − ∫0 𝜏 𝑛 |𝑟𝑓1𝑓1 (𝜏)|𝑑𝜏
𝑇

(2.4)

∫0 𝜏 𝑛 |𝑟𝑓1 𝑓1 (𝜏)|𝑑𝜏

where 𝑟𝑓1 𝑓2 (𝜏)is the cross-correlation of the baseline with the comparison waveform, 𝑟𝑓1 𝑓1 (𝜏) is
the cross-correlation of the baseline with itself, called autocorrelation, T is the duration of signal
acquisition, and n is the order of the statistical moment. The moment order, n, is an arbitrary
value. If the baseline and the comparison waveform are the same, NCM will be zero, which
means there is no damage. In [14], Torkamani et al. showed some advantages of this damage
index, NCM, as compared with SDC. The major advantage of NCM is its sensitivity to wave
attenuation while SDC cannot effectively monitor wave attenuation.
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Figure 2.6 Sensitivity of SDC and NCM to wave attenuation and increase
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In Figure 2.6, the amplitude of the comparison wave (Ay) is changing from 0% to 200% of the
baseline amplitude (Ax). SDC is completely insensitive to wave attenuation and increase while
NCM can evaluate wave attenuation and increase. In general, damage or in-homogeneities such
as stiffeners or fasteners cause the wave attenuation [31]. Therefore, the capability of monitoring
wave attenuation and increase is very significant advantage. NCM has other advantages: greater
sensitivity to frequency difference, time of flight in Figure 2.7, and less susceptibility to noise.
More detail is in [14].
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Figure 2.7 Sensitivity of SDC and NCM to time of flight
In Figure 2.7, the duration of the baseline signal is TFx = T and that of the signal of the
comparison wave is increased from TFy = T to TFy = 2T. The amplitude of both signals is 1. SDC
shows the oscillating sensitivity while NCM shows a monotonic sensitivity to time of flight.
NCM showed distinct advantages for the identification of delamination in composite laminates
compared with SDC. In this thesis, NCM is applied for fatigue damage and is compared with
SDC.
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2.4

Fatigue damage
As mentioned earlier, fatigue damage often leads to catastrophic events. In aerospace

industry, traditional fatigue analysis has been conducted to predict the remaining fatigue life and
when maintenance is necessary. However, fatigue damage in composites is much different from
traditional metals often used in aerospace structures and is barely visible to outside observers.
Fatigue damage in composites can also initiates earlier than in a metallic alloy depending on the
type of loading. There are various publications regarding monitoring fatigue damage. Takeda et
al. [32] used fiber Bragg grating (FBG) sensors to monitor impact damage and fatigue test of a
composite wing structure. FBG sensors were able to monitor large scale composite structure for
a long term, compared with non-destructive inspection (NDI) technologies such as acoustic
emission (AE) sensors, an ultrasonic C-scan, and pulsed heating thermography. Ihn and Chang
[33] applied their own damage index, ratio of the scatter energy contained in the S0 mode wave
packet to the baseline energy contained in the S0 mode wave packet, for fatigue crack growth in a
metallic structure. Their damage index showed the good correlation with the actual fatigue crack
growth. Lissenden et al. [29] applied SDC for fatigue damage in composites and SDC was able
to detect the damage at early stage. In this thesis, three point bending fatigue test was conducted
on a composite beam with and without delamination damage, and SDC and NCM damage
indexes were used to monitor the damage.
2.5

Finite element analysis
Finite element analysis has been performed over the past 40 years since simulations help

us to understand the behavior of a structure in SHM. Kessler et al. [11] modeled a 2-D composite
plate to obtain natural frequencies and mode shapes. EI-Kafrawy [34] also simulated natural
frequencies and mode shapes of 3-D beams with a crack. Sorohan et al. [35] showed the
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potential of a numerical simulation to get dispersion curves of Lamb wave. As mentioned in
section 2.1, Lamb waves are dispersive in nature. Knowledge of dispersion curves is essential in
an experiment to know which frequency has the best dispersion characteristics for a specific
composite laminate in an experiment. Lissenden et al. [29] performed a numerical simulation to
understand the effects of fatigue damage. They assumed fatigue damage was primarily composed
of matrix crack and delamination and that it decreased the laminate stiffness and Poisson ratio. In
their simulation, they degraded the modulus of the composites to monitor fatigue damage. In this
thesis, a similar numerical simulation of fatigue damage for composite beams was conducted to
comparatively evaluate the accuracy of NCM damage index.
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CHAPTER 3
EXPERIMENTAL ANALYSIS
This chapter includes the fabrication of composite beams, data acquisition setup,
experimental setup, and experimental results.
3.1

Fabrication of composite specimens
There are several methods to fabricate composite materials: auto-clave molding, resin

transfer molding (RTM), vacuum assisted resin transfer molding (VARTM), hand layup, and
filament winding method. In this study, hand layup followed by compression during cure was
used to produce laminates with good consolidation.
Carbon fibers fabric, IM7 (Hexcel Corporation), and resin, SC780 (Applied Poleramic
Inc.), were used for fabricating composite plates with orientation [06/904/06] with no
delamination, and 50.8 mm (2 inch) length delamination. Our fabrication process composed of
cutting carbon fiber fabric, surface mold preparation, resin preparation, painting resin on a
composite laminate, applying compression, and post curing. The carbon fiber fabric was cut into
304.8 𝑚𝑚 × 304.8 𝑚𝑚 (12 𝑖𝑛𝑐ℎ × 12 𝑖𝑛𝑐ℎ) squares. Teflon sheets of thickness 0.0127 mm
(0.0005 inch) was inserted at the laminate mid-plane (between 8th layer and 9th layer) and to
simulate delamination as shown in Figure 3.1.
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Figure 3.1 Schematic view of simulated delamination
Surface mold (Figure 3.2) was prepared by heating up to 150 ℃ in the oven because our spray
release agent (Loctite Frekote 800 NC) works properly at that temperature.

Figure 3.2 Surface mold
SC780 resin composed of two part epoxy-resin and-one part hardener was used as matrix
material. Assuming the carbon fiber volume and the SC780 resin volume were 70% and 30 %
out of the total volume of the composite plate, the weight of resin and hardener were calculated
as follows. Firstly, the volume of carbon fibers was calculated: Volume = Length × Width ×
Thickness. Then, the volume of SC780 resin, three-sevenths of the volume of carbon fibers, was
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calculated, and multiplying it by the density, 1.09

𝑔
𝑚𝑙

, gave the weight of SC780 resin. From the

weight ratio of resin and hardener: 4:1, the weight of resin and hardener used were 56.7 𝑔 and
12.5 𝑔, respectively. All 16 layers of carbon fiber fabric were stacked on surface mold with
SC780 resin brushed onto the fabric. The surface mold was put in the compression machine
whose temperature and load were 38 ℃ and 5000 lbs to cure the SC780 resin for two hours under
compression. FThe composite plate was then post cured in an oven heated at 73 ℃ for six hours.
Finally, the composite plate was cut into 8 rectangular composite beams 228.6 𝑚𝑚 (9 inch) in
length by 25.4 mm (1 inch) in width for 3-point bending experiment. The eight replicate
specimens of the undamaged baseline beam had no built-in delamination, while the eight
replicate specimens of the “damaged” beam specimens had 50.8 mm length × 25.4 mm width (2
inch× 1 inch) delamination.

Figure 3.3 Composite specimens
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3.2

Data acquisition setup
A NI PCI-6711 data acquisition (DAQ) card was used to generate a desired tone burst

signal, an A-301 HS amplifier was used to amplify the tone burst signal up to ±175 V before
sending the signal to PZT actuators and a NI PXI-6250 DAQ card with 16-bit resolution and a
high frequency sampling rate (up to 1.25 MHz) was used to measure the acquired voltage. In our
study, the sampling rate used was 1 MHz, and National Instruments LabVIEW software was
used to synchronize the initiation of the actuation and the DAQ card. The schematic view of data
acquisition set up is shown in Figure 3.4.

Figure 3.4 Schematic view of data acquisition set up
A PZT sensor mounted on the end of the composite beam was used to acquire the
transmitted signal. A signal was applied to two PZT actuators mounted at the top and bottom
surface of the other end of the composite beam as shown in Figure 3.5. PZT sensors (T216A4NO-273X, Piezo Systems Inc.) used are 0.41 mm (0.016 inch) in thickness and 12.7 mm (0.5
inch) in diameter.
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Figure 3.5 Test specimen with three PZTs
As an excitation signal, the tone burst was used and is defined by Equation (3.1).
𝑤𝐴𝑠𝑖𝑛(𝜔𝑡) = 𝑤𝐴𝑠𝑖𝑛(2𝜋𝑓𝑐 𝑡) , 0 ≤ 𝑡 ≤ 𝑡1
𝑓(𝑡) = {
0
, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(3.1)

where 𝑓(𝑡) is the signal amplitude at time t, w is the Hanning window function defined by
Equation (3.2), A is the maximum amplitude, 𝑓𝑐 is the center frequency of the tone burst, and 𝑡1 is
the total signal time.
2𝜋𝑛
𝑤(𝑛) = 0.5 × (1 − cos (
)) , 0 ≤ 𝑛 ≤ 𝑁 − 1
𝑁−1

(3.2)

where N is the number of sampling points.
In this study, a tone burst having 5 cycles with a center frequency of 50 kHz and the
maximum amplitude 1, was used as an excitation signal as shown in Figure 3.6. A high
frequency Lamb wave (more than 200 kHz) is good for SHM to get high resolution results and
avoid interference with flexural mode of the structure [36] but the center frequency used is 50
kHz because of the limitation of our data (DAQ) card. Anti-phase equal amplitude signals were
applied to two actuators to generate an anti-symmetric (A0) Lamb wave mode. At low frequency,
an anti-symmetric (A0) Lamb wave mode has shown the good sensitivity to small damage and
delamination because it has lower phase velocity and wavelength than a symmetric (S0) mode
[37] and propagates long distance with little dispersion [38].
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Figure 3.6 Tone burst having 5 cycles with a center frequency of 50 kHz
3.3.1 Experimental setup
Three point bending fatigue tests were performed to introduce fatigue defects in
composite specimens. Fatigue load was measured by an MTS 661.18H-02 load cell and was
applied by the piston, and the maximum load which was 70% of the ultimate strength, the
stress ratio, and the loading frequency were 280 N (63 lbs), 0.1, and 1.0 Hz, respectively.
LabVIEW code was written to acquire the load and displacement during fatigue tests and
applied blocks of 500 cycles, and then SHM was performed at the mean load. Averaging
technique written in LabVIEW code was used to reduce the signal noise. This process was
repeated until the specimen was broken. Anti-phase excitation signals were applied to two
PZT actuators mounted on the end of the composite beam. The schematic view of
experimental setup is shown in Figure 3.7.
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Figure 3.7 Schematic view of experimental setup
3.4

Experimental results
Fatigue tests were performed on three intact specimens to obtain a baseline for reference

and on three specimens with 50.8 mm (2 inch) length delamination to evaluate the validity of
NCM and SDC damage indices for the fatigue damage growth. Delamination growth was
observed by taking pictures. Stiffness degradation was verified by the load at the valley divided
by the deflection at the valley as shown in Figure 3.8. NCM and SDC calculated for three
specimens are shown in Figure 3.9 and Figure 3.10, respectively and least squares curve are also
plotted. Note that there were no differences between the orders of the statistical moment of
NCM. Both NCM and SDC indices showed the highest value when specimens were broken.
Though SDCs were almost constant before specimens failed, least squares curves of NCM for
two different damaged specimens (‘NCM-1-least squares curve’ and ‘NCM-3-least squares
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curve’ in Figure 3.9) were increasing. Thus, NCM showed better results than SDC for
identifying fatigue damage growth.
350
300

Stiffness (lbf/in)

250
200
Damaged specimen-1
150

Damaged specimen-2
Damaged specimen-3

100
50
0
0

20000

40000

60000

Cycles

Figure 3.8 Stiffness degradation for three damaged specimens
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Figure 3.9 NCM for three damaged specimens
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Figure 3.10 SDC for three damaged specimens
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CHAPTER 4
SIMULATION ANALYSIS
This chapter provides simulation results including composite and delamination
modeling benchmark test, Lamb wave propagation test, and fatigue damage detection using
Lamb wave. A commercial finite element code, ABAQUS version 6.13, was used to conduct the
simulation. Benchmark tests were performed to verify the modeling process.
4.1

Composite and delamination modeling benchmark test
For the model verification and mesh convergence study, the structure chosen was a

laminated composite cantilever beam subjected to a resultant shear load of 1 N at its end shown
in. The thickness of each lamina was 0.3 mm and the stacking sequence was [0/902/0]. Its
dimensions were 50 × 10 × 1.2 𝑚𝑚3 (Figure 4.2) made of Carbon/Epoxy IM7-8552 whose
properties are shown in Table 4.1.

Figure 4.1 Composite cantilever beam subjected to a resultant shear load 1 N at its end
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Figure 4.2 Dimensions of the composite cantilever beam with [0/902/0] orientations
Table 4.1 Material properties of IM7-8552
E1(GPa) E2(GPa) E3(GPa)
161.34
11.38
11.38

ν12
0.32

ν13
0.32

ν23
0.45

G12(GPa) G13(GPa) G23(GPa)
5.17
5.17
3.93

Various length of delamination: 2, 4, 6, 8, 10, 20 𝑚𝑚 (width was always 10 mm), was introduced
at the mid-plane of the beam (between 2th and 3th layer) at the mid-span. The model having
2mm length of delamination is presented in Figure 4.3.

Figure 4.3 2mm length delamination at the mid span of the beam between 2th and 3th layer
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Each layer was modeled by three-dimensional eight-node linear brick elements (C3D8). In the
delamination area, the elements along the mid-plane were not tide and instead were assumed
deboned by defining contact interaction in ABAQUS. The Euler-Bernoulli beam theory for a
beam without delamination was used to compare the simulated results, and these results are
shown in Table 4.2.
Table 4.2 Comparison of beam theory and simulation results
Delamination size (mm²)
No damage
2×10
4×10
6×10
8×10
10×10
20×10
Beam theory
(No delamination)

Max deflection from FEA (mm)
0.19227
0.19234
0.19276
0.19384
0.19585
0.19910
0.24414

Difference from Beam Theory (%)
0.97
1.01
1.23
1.79
2.85
4.56
28.21

0.19042

As expected, when the delamination size increases, deviation from beam theory prediction also
increases. Comparing with the beam theory and the FEA model with no damage, the difference
is a very low 0.97%, indicating good agreement with the simulation and theory. Thus, in all of
the subsequent exercise, this composite modeling process and FEA mesh was used.

31

4.2

Lamb wave propagation test
Lamb wave propagation was simulated and SDC and NCM were calculated in this

section using the validated FEA model. A 228.6 × 25.4 × 3 𝑚𝑚3 (9 × 1 × 0.1 𝑖𝑛𝑐ℎ3 )
composite laminate made of IM7-8552 with [06/904/06] orientations was modeled using three
dimensional eight-node linear brick elements (C3D8R) show in Figure 4.4. Two models were
created: One is the undamaged model and the other has a full width, 25.4 mm (1 inch) length
delamination at the mid-plane of the beam (between 8th and 9th layer) at the mid-span, and the
displacements in x, y, and z directions are constrained at the left surface of 8th layer and the
displacements in y and z directions are constrained at the right surface of 8th layer in order to
prevent the model from moving and rotating as shown in Figure 4.5. ABAQUS/Explicit analyses
were performed with a very small time step, dt = 5 × 10−8 𝑠𝑒𝑐 in order to satisfy the CourantFriendrichs-Lewy (CFL) condition [39] and were performed with very fine mesh: the number of
nodes and elements are 52580 and 256116, respectively. An actuator and a sensor were modeled
as a node that mimics an actuator and a sensor location. Two actuator nodes and six sensor nodes
were created in total on both surfaces, and Figure 4.6 shows the location of an actuator and three
sensors on top surface. No.2 sensor node in Figure 4.6 was used for receiving the wave and other
sensor nodes were used for seeing the wave propagation. The location of them on bottom surface
is the same to that on top surface. A tone burst signal having 5 cycles with a center frequency 50
kHz was used as the excitation signal and this signal was applied to both actuator nodes on top
and bottom surface as two vertical unidirectional displacements with the maximum amplitude
0.01 mm to excite the A0 mode. This method, exciting only symmetric or anti-symmetric modes,
is called pure excitation as shown in Figure 4.7.
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.
Figure 4.4 Dimensions of the composite laminate with [06/904/06] orientations

Figure 4.5 Boundary conditions of the composite laminate model

Figure 4.6 Location of actuators and three sensors on top surface
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Figure 4.7 Pure excitation
The response from the No.2 sensor for both undamaged and damaged models is shown in Figure
4.8. SDC and NCM calculated are tabulated in Table 4.3. From the Table 4.3, both SDC and
NCM can evaluate the delamination, and NCM (n=2) specially shows the highest value.
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Figure 4.8 Response from the No.2 sensor for both undamaged and damaged model
Table 4.3 SDC and NCM for undamaged and damaged model
Damage Index
SDC
NCM (n=0.01)
NCM (n=0.5)
NCM (n=1)
NCM (n=2)

Comparison case
Undamaged-damaged
0.1272
0.0573
0.1071
0.1391
0.1859
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4.3

Fatigue damage detection using Lamb wave
Fatigue damage was simulated by reducing the material properties which has been

commonly used in composite progressive failure analyses [40] [41] and by increasing the size of
damage. Two models are considered: the model with reduced material properties is introduced in
section 4.3.1 and the other with reduced material properties and increasing the size of damage is
presented in section 4.3.2. All the models whose geometries, material properties, and an
excitation signal are same as the one in section 4.2.
4.3.1 Models with reduced material properties
Assuming fatigue damage reduces the stiffness of the matrix, Em, the stiffness of the
fiber, Ef, the stiffness of the matrix, Em, and the poisons ratio of the matrix, 𝜈𝑚 , tabulated in
Table 4.4 were calculated using micromechanics. Note that the fiber’s Poisons ratio, 𝜈𝑓 , and the
fiber volume fraction, Vf, are assumed as 0.2 and 0.6, respectively.
Table 4.4 Material properties of IM7-8552 using micromechanics
Ef(GPa)
266

Em(GPa)
4.7

νf
0.2

Νm
0.5

The stiffness of the matrix, Em, was degraded from 100% to 70% in 10% increments to simulate
fatigue damage and then the longitudinal Young’s modulus: E1 and the transverse Young’s
modulus: E2 were calculated and these values are used in ABAQUS. In the case of 70% of Em, E1
is 160.78 GPa and E2 is 8.03 GPa, for example. Two cases were studied: undamaged model and
damaged model with 25.4 mm (1 inch) length delamination at the mid-plane of the beam
(between 8th and 9th layer) at the mid-span. The responses from the No.2 sensor for four cases:
The undamaged model, with 90% properties of the initial values, with 80% properties of the
initial values, and with 70% properties of the initial values are presented in Figure 4.9. As the
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material properties are degraded, the received waves are slightly shifted and are attenuated, and
SDC and NCM increase. Those are plotted in Figure 4.10 and tabulated in Table 4.5.
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Figure 4.9 Response from the No.2 snesor for the undamaged model, with 90% properties, with
80% properties, and with 70% properties.
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Figure 4.10 SDC and NCM (n=2) for three comparison cases: Undamaged-90% properties,
Undamaged-80% properties, and Undamaged-70% properties
Table 4.5 SDC and NCM for three comparison cases: Undamaged-90% properties, Undamaged80% properties, and Undamaged-70% properties
Damage Index
SDC
NCM
(n=0.01)
NCM (n=0.5)
NCM (n=1)
NCM (n=2)

Undamaged-90%
properties
0.00088

Comparison case
Undamaged-80%
properties
0.036

Undamaged-70%
properties
0.2693

0.0986
0.0918
0.0897
0.0882

0.2001
0.1878
0.1843
0.1817

0.5244
0.5118
0.5124
0.5146
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As well as the undamaged model, the damaged model was also studied. The responses
from the No.2 sensor for four cases: The damaged models, with 90% properties of the initial
values, with 80% properties of the initial values, and with 70% properties of the initial values are
shown in Figure 4.11. SDC and NCM are plotted in Figure 4.12 and tabulated in Table 4.6.
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Figure 4.11 Response from the No.2 snesor for the damaged model, with 90% properties, with
80% properties, and with 70% properties.
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Figure 4.12 SDC and NCM (n=2) for three comparison cases: Damaged-90% properties,
Undamaged-80% properties, and Undamaged-70% properties
Table 4.6 SDC and NCM for three comparison cases: Damaged-90% properties, Damaged-80%
properties, and Damaged-70% properties
Damage Index
SDC
NCM (n=0.01)
NCM (n=0.5)
NCM (n=1)
NCM (n=2)

Damaged-90%
properties
0.0116
0.0864
0.0791
0.0774
0.0770

Comparison Case
Damaged-80%
properties
0.0477
0.1758
0.1622
0.1594
0.1588
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Damaged-70%
properties
0.1033
0.2651
0.2470
0.2433
0.2424

4.3.2 Models with reduced material properties and increasing size of damage
Assuming fatigue damage reduces the material properties and increases the size of
damage, the material properties of all the models were set as 90% of the initial value and the size
of damage was increased from 0.254 mm (0.01 inch) to 10.16 mm (0.4 inch) as shown in Figure
4.13. Here, ∆a shows the increment of damage length size and damage is at the mid-span of the
beam between 8th and 9th layer.

Figure 4.13 Schematic view of undamaged and damaged models with reduced material
properties and increasing size of damage
The responses from No.2 sensor for seven cases: the undamaged model, with 0.254 mm damage,
with 1.27 mm damage, with 2.54 mm damage, with 5.08 mm damage, with 7.62 mm damage,
with 10.16 mm damage are shown in Figure 4.14 and SDC and NCM are plotted in Figure 4.15
and tabulated in Table 4.7, respectively. As damage size increases, the signal is shifted and that
amplitude increases.
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Figure 4.14 Responses from No.2 sensor for undamaged model with 90% material properties,
with 0.254 mm damage, with 1.27 mm damage, with 2.54 mm damage, with 5.08 mm damage,
with 7.62 mm damage, and with 10.16 mm damage
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Figure 4.15 SDC and NCM (n=2) for six cases: Undamaged-0.254 mm, Undamaged-0.127 mm,
Undamaged-5.08 mm, Undamaged-7.62 mm, and Undamaged-10.16 mm
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Table 4.7 SDC and NCM for six cases: Undamaged-0.254 mm, Undamaged-0.127 mm,
Undamaged-5.08 mm, Undamaged-7.62 mm, and Undamaged-10.16 mm
Damage
Index
SDC
NCM
(n=0.01)
NCM
(n=0.5)
NCM
(n=1)
NCM
(n=2)

Comparison case
Undamaged- Undamaged2.54mm
5.08mm
0.0499
0.4740

Undamaged0.254mm
5.18E-07

Undamaged1.27mm
5.18E-07

Undamaged7.62mm
0.8751

Undamaged10.16mm
0.4590

1.03E-04

1.03E-04

0.0687

0.1640

0.0112

0.0116

1.13E-04

1.13E-04

0.0652

0.1516

0.0004

0.0181

1.29E-04

1.29E-04

0.0717

0.1668

0.0209

0.0373

1.60E-04

1.60E-04

0.0868

0.1940

0.0400

0.0540
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As well as the above, the responses from No.2 sensor for damaged model are shown in
Figure 4.16 and SDC and NCM are plotted in Figure 4.17 and tabulated in Table 4.8,
respectively. As damage size increases, the signal is shifted and that amplitude increases.
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Figure 4.16 Responses from No.2 sensors for damaged model with 90% material properties, with
0.254 mm damage, with 1.27 mm damage, with 2.54 mm damage, with 5.08 mm damage, with
7.62 mm damage, and with 10.16 mm damage
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Figure 4.17 SDC and NCM (n=2) for six cases: Damaged-0.254 mm, Damaged-0.127 mm,
Damaged-5.08 mm, Damaged-7.62 mm, and Damaged-10.16 mm
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Table 4.8 SDC and NCM for six cases: Damaged-0.254 mm, Damaged-0.127 mm, Damaged-5.08
mm, Damaged-7.62 mm, and Damaged-10.16 mm
Damage Index
SDC
NCM (n=0.01)
NCM (n=0.5)
NCM (n=1)
NCM (n=2)

Damaged
-0.254mm
0.0046
0.0159
0.0141
0.0157
0.0207

Damaged
-1.27mm
0.0512
0.0349
0.0254
0.0281
0.0384

Comparison case
Damaged
Damaged
-2.54mm
-5.08mm
0.1770
0.6056
0.0174
0.0238
0.0060
0.0661
0.0072
0.0754
0.0067
0.1031

Damaged
-7.62mm
0.8914
0.0159
0.0120
0.0015
0.0039

Damaged
-10.16mm
0.8914
0.0159
0.0120
0.0015
0.0039

From Figure 4.15 and Figure 4.17, NCM does not show the higher values than SDC
and shows the oscillating results. The reason of this will be discussed in the next chapter. SDC
linearly increases at first but suddenly decreases at ∆a = 10.16 𝑚𝑚 because it oscillates with
respected to time of flight as mentioned in Figure 2.7. From this simulation, it is found that both
NCM and SDC do not linearly increase with damage growth.
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CHAPTER 5
RESULTS AND DISCUSSION
5.1

Comparison of experimental and simulation results
FEM model was developed to compare experimental results with simulation results. The

composite modeling process and FEA mesh were the same as in CHAPTER 4. A 228.6 ×
25.4 × 3 𝑚𝑚3 (9 × 1 × 0.1 𝑖𝑛𝑐ℎ3 ) composite laminate made of IM7-SC780 (Table 5.1) with
[06/904/06] orientations was modeled using three dimensional eight-node linear brick elements
(C3D8R).
Table 5.1 Material properties of IM7-SC780
E1(GPa) E2(GPa) E3(GPa)
113.633
5.239
5.239

ν12
0.354

ν13
0.354

ν23
0.55

G12(GPa) G13(GPa) G23(GPa)
3.1781
3.1781
1.6672

This finite element model has a prefabricated 50.8 mm (2 inch) length delamination at the midplane of the beam (between 8th and 9th layer) at the mid-span spanning across the width of the
laminate as shown in Figure 5.1. The displacements in x, y, and z directions are constrained at
the 19.05 mm (0.75 inch) place from the left on the bottom surface and the displacements in y
and z directions are constrained at the 19.05 mm (0.75 inch) location from the right on the
bottom surface to simulate the experimental boundary condition: bottom fixture supports the
specimen. The displacement in y direction of the loading point at the center of the top surface
was assigned the zero displacement constrained to simulate the boundary condition of the top
fixture in the experiment. These boundary conditions are shown in Figure 5.2.
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ABAQUS/Explicit analyses were performed with a very fine mesh: the number of nodes and
elements are 52580 and 256116, respectively. The location of actuators and sensors in the FE
model are identical to that in the Figure 4.6 in CHAPTER 4 and are indicated in Figure 5.2. A
Hanning tone burst signal having 5 cycles with a center frequency of 50 kHz was used as the
excitation signal and this signal was applied to both actuator nodes on top and bottom surface as
two vertical displacements with the maximum amplitude 0.01 mm to excite the A0 mode.

Figure 5.1 Prefabrocated 50.8 mm (2 inch) length delamination

Figure 5.2 Side view of specimen showing boundary conditions of the FEA model for
comparison with experimental results
Fatigue damage growth was simulated by increasing the size of delamination using the
experimental results for delamination length as a function of the number of fatigue cycles.
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Delamination growth vs. fatigue cycle for three specimens (same to the specimens used in the
experiment) observed by taking pictures during the experiment is plotted and tabulated in Figure
5.3 and Table 5.2, respectively. The picture of the delamination growth for damaged specimen-2
is also shown in Figure 5.4.

Delamination growth (mm)

35
30
25
Damaged specimen-1

20
15

Damaged specimen-2

10
Damaged specimen-3
5
0
0

20000

40000

60000

Cycles

Figure 5.3 Delamination growth for three specimens observed in the experiment
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Table 5.2 Delamination growth for three specimens observed in the experiment
Delamination growth(mm)
0
5
20
30

Damaged specimen-1

Damaged specimen-2

Damaged specimen-3

Cycles
0
53000
56000
56550

0
7000
23500
23916

0
49000
49500

Figure 5.4 Delamination growth at 23500 cycles for damaged specimen-2
According to Figure 5.4, delamination growth was not symmetric about the load point during the
experiment. In the FE model, this unsymmetrical delamination growth was simulated by
extending deboned area as shown in Figure 5.5 using the UNTIE nodes command in ABAQUS.
Contact elements were used to avoid penetration of the delaminated surfaces. Based on test data,
it was assumed that the initial stiffness of the FE model was reduced by 10% due to the preexisting 50.4 mm (2 inch) delamination before delamination growth occurred. Signal difference
coefficient (SDC) and normalized correlation moment (NCM) were calculated for two specimens
(Damaged specimen-2 and Damaged specimen-3) and compared with the experimental results as
shown in Figure 5.6 and Figure 5.7, respectively. Here, specimens used in Figure 5.6 and in
Figure 5.7 are corresponding with the specimens in Figure 3.9 and Figure 3.10. As can be
observed, SDC data obtained from the FE model (symbols) shows very good correlation with the
experimental results (line) for both composite damage specimens while NCM data obtained from
the FE model (symbols) show a close trend to the experimental results (line) but the
experimental data has more oscillations than that of the FE model. This will be discussed in the
next section.
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Figure 5.5 Simulating delamination growth in the FEA model
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Figure 5.6 SDC for comparison of the experiment and the simulation
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Figure 5.7 NCM for comparison of the experiment and the simulation
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5.2

Validity of the NCM damage index for fatigue damage
According to Torkamani et a1. [14], Normalized correlation moment (NCM) showed

significant advantage for the identification of the delamination in composites under static loading
because of its sensitivity to wave attenuation. However, in the present study, NCM displayed
oscillating results for fatigue damage identification as shown in Figure 5.7. In order to confirm
the validity of NCM for fatigue damage, sensitivity of NCM to time of flight and wave
attenuation and wave amplitude increase was theoretically studied. Time of flight in the baseline
signal is considered to be equal to the signal (TFx = T) and the amplitude of the signal is 1, and
that of the comparison signal is increased from TFy = T to TFy = 2T but the amplitude of the
comparison signal is 0.7 (unlike as shown in Figure 2.7). As can be seen in Figure 5.8, NCM
starts from 0.3 and monotonically increases. This means NCM properly monitors damage when
time of flight and wave attenuation simultaneously occur. Similarly, sensitivity of NCM to time
of flight and wave amplitude increase is shown in Figure 5.9. The amplitude of the comparison
signal is 1.3. NCM starts from 0.3 and it decreases before increasing later, which means NCM
cannot properly monitor damage when time of flight and wave increase simultaneously occur.
This is the reason why NCM oscillated in the simulation in CHAPTER 4 because the amplitude
of signals increased and signals were shifted as damage size increased.
During the experiment, the amplitude of the received signals was changed (Figure 5.10)
though there was no damage growth because the specimen was slightly bent by the applied force
during SHM. This amplitude changes during SHM caused different values of NCM every time
though there were no damage growth, which made NCM oscillate.
From these results, when time of flight and wave increase occur at the same time, it
gives rise to oscillations in NCM damage index and nonplanar of a specimen affects NCM
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results. These oscillations in NCM are observed both the experiments and the simulations. On
the other hand, because SDC is not very sensitive to wave attenuation and increase but sensitive
to the time of flight, SDC shows more stable results for fatigue damage.
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Figure 5.8 Sensitivity of NCM to tiem of flight and wave attenuation
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Figure 5.9 Sensitivity of NCM to time of flight and wave amplitude increase
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Figure 5.10 Received signals at 0 cycles and 500 cycles in the experiment
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK
6.1

Conclusions
A well-established structural health monitoring (SHM) technique, the Lamb wave based

approach, offers improvements in safety and enormous economic benefits over maintenance
based on an estimated time for repair. Therefore, it is important to establish a system for damage
detection especially for large structures for effective condition based maintenance. In this study,
SHM was used for fatigue damage identification in a laminated composite. Intact (baseline)
specimens and specimens having 50.8 mm (2 inch) length built-in delamination were fabricated
using hand layup followed by compression molding of the laminate at elevated temperature. PZT
actuators and sensors were used to actuate Lamb waves and receive propagated waves in
composite specimens. National Instruments LabVIEW software was used to synchronize the
actuation and response measurement, and measure loads and displacements during fatigue tests.
Fatigue cycling under three-point bending was conducted and delamination growth was observed
by taking high-resolution photographs every 500 cycles until specimens failed. SDC and NCM
damage indices were used for evaluating fatigue damage. Finite elements models were used to
test the validity of SDC and NCM for detecting fatigue damage, and the FE results were
compared with the experimental data.
The limited experiment and simulation results showed that the SDC damage index was
almost constant before specimens fractured while trend lines of NCM were increasing for fatigue
delamination-related damage identification in composites. Thus, NCM may identify
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delamination growth under fatigue loading but further research is necessary to confirm this
conclusion, taking account of the disadvantages of NCM discussed in the section 5.2. When time
of flight and wave increase simultaneously occur, NCM tends to oscillate and bending of a
specimen affects results in NCM.
Validity of both damage indices, SDC and NCM, for fatigue damage was discussed in
this thesis. Both damage indices do not linearly increase to the damage growth. Thus, a careful
selection of a feature extraction from waveforms is necessary. This information can be used for
future work.
6.2

Future work
A high frequency Lamb wave, more than 200 kHz, is preferred for SHM to avoid

interference with flexural modes and detect smaller size of damage. However, Lamb wave with a
high frequency will generate multiple modes, which make a received signal complicated. A
careful selection of Lamb wave frequency is required.
Array of sensors and a correlation analysis based algorithm called RAPID will carry
much better information for detecting damage, location of damage, and severity of damage [42].
A different actuator or sensor such as FBG and MFC may show improved performance in
SHM. They can be embedded in a structure because both are small and light weight. In addition,
MFC can be used for the combination of a damage sensing and a self-healing system because it
is mechanically flexible and can be heated up as shown in Figure 6.1. SHM is able to identify
damage but a highly desirable attribute for a next generation composite material is to
autonomously heal the damage. The self-healing system is composed of carbon fibers with a
mendable polymer matrix, thermoplastic poly (ethylene-co-methacrylic acid, EMAA), which is
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activated by heat [43]. MFC can be used for a self-healing process along with SHM, which is
able to prevent catastrophic damage in a structure.
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Figure 6.1 Temperature increase of MFC
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APPENDIX A: LabVIEW program
LabVIEW program developed to do structural health monitoring.
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LabVIEW program developed to read cycles and displacement peak and valley during
fatigue test.
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APPENDIX B: MATLAB program
MATLAB program developed to calculate NCM and SDC.
clc
close
clear all
% define variables %
Ncycle = 5;% number of sinusoidal peaks that exists in the tone-burst
f = 50000;% signal frequency(Hz)
fs = 1e6;% sampling frequency
t1 = 0;% initial time(s)(ms=10^-3*s)
dt = 1e-6;% dt in the experimental raw data
t2 = Ncycle/f;% end time t2=Ncycle*T=Ncycle/f
t = t1:dt:t2;
N = length(t);
%% Calculate SDC and NCM %%
filename1 = 'Ave-trigger-0-B1-f=50kHz-fs=1MHz-N=5.lvm';%baseline
filename2 = 'Ave-trigger-0-D2-13-f=50kHz-fs=1MHz-N=5.lvm';%comparison waveform
fileID1 = fopen(filename1,'r');
fileID2 = fopen(filename2,'r');
for I = 1:22
header = fgets(fileID1);% skip header
end
for I = 1:22
header = fgets(fileID2);% skip header
end
formatSpec = '%f %f\n';
sizeA1 = [2 Inf];
A1 = fscanf(fileID1,formatSpec,sizeA1);
A1 = A1';
formatSpec = '%f %f\n';
sizeA2 = [2 Inf];
A2 = fscanf(fileID2,formatSpec,sizeA2);
A2 = A2';
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tau = A1(:,1);
M = 101;
for I = 50001:50101
a12(I-50000,1) = A1(I,2);
end
a12 = a12(:,1)-mean(a12(:,1));
a12n = a12/max(abs(a12));
n = [0.01 0.5 1 2]';% order of the statistical moment
rxx = xcorr(a12);% auto-correlation
SDC = zeros(2,2,Numfiles);
SDCdash = zeros(1,Numfiles);
NCM = zeros(4,Numfiles);
for I = 50001:50101
a22(I-50000,1) = A2(I,2);
end
a22 = a22(:,1)-mean(a22(:,1));
a22n = a22/max(abs(a22));
rxy = xcorr(a12,a22);% cross-correlation

plot(1:101,a12,1:101,a22)
legend('baseline','comparison wave')
for I = 1 : (length(rxy)-1)/2+1
rxy_a(I,1) = rxy((length(rxy)-1)/2+I,1);
rxx_a(I,1) = rxx((length(rxy)-1)/2+I,1);
end
SDC(:,:,1) = 1-abs(cov(a12n,a22n))/(std(a12n,0,1)*std(a22n,0,1));
SDCdash(1,1) = SDC(2,1,1);
for I = 1:4
NCM(I,1) = abs(sum((tau(1:M,1).^n(I,1)).*abs(rxy_a(1:M,1)))sum((tau(1:M,1).^n(I,1)).*abs(rxx_a(1:M,1))))/sum((tau(1:M,1).^n(I,1)).*abs(rxx_a(1:M,1)));
end
fclose(fileID1);
fclose(fileID2);
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MATLAB program developed to calculate the sensitivity of NCM and SDC to the time
of flight.
clc
close
clear all
% define variables %
Ncycle = 5;% number of sinusoidal peaks that exists in the tone-burst
f = 50000;% signal frequency(Hz)
fs = 1e6;% sampling frequency
t1 = 0;% initial time(s)(ms=10^-3*s)
t2 = Ncycle/f;% end time t2=Ncycle*T=Ncycle/f
t = t1:1/fs:t2;% time duration having tone burst
T = t1:1/fs:2*t2;% total time duration
N = length(t);
Win = window(@hann,N); % hanning window
Toneburst = zeros(1,length(t));
% plot baseline ToneBurst %
Toneburst = 1.*Win'.*sin(2*pi*f.*t);
Zeros = zeros(1,N-1);
Toneburst = [Toneburst,Zeros];
figure
plot(T,Toneburst)
xlabel('time(s)')
ylabel('signal')
% make shifted tone burst
for I = 1:100
Toneburstdash(:,I) = circshift(Toneburst',I);
end
Toneburstdash2 = [Toneburst ; Toneburstdash'];
Toneburstdash2 = 1*Toneburstdash2;
% calculating NCM %
tau = T';
X = Toneburst';
for I = 1:101
Y(I,:) = Toneburstdash2(I,:);
end
Y = Y';
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for I = 1:101
rxy(:,I) = xcorr(X,Y(:,I));% cross-correlation
end
rxx = xcorr(X);% auto-correlation
M = length(tau);
n = [0.01 0.5 1 2]';% order of the statistical moment
NCM = zeros(101,4);
for J = 1:4
for I = 1:101
NCM(I,J) = abs(sum((tau(1:M,1).^n(J,1)).*abs(rxy(M:2*M-1,I)))sum((tau(1:M,1).^n(J,1)).*abs(rxx(M:2*M-1,1))))/sum((tau(1:M,1).^n(J,1)).*abs(rxx(M:2*M1,1)));
end
end
% Calculationg SDC%
for I = 1:101
SDC(:,:,I) = 1- abs(cov(X(:,1),Y(:,I))/(std(X(:,1),0,1)*std(Y(:,I),0,1)));
SDCdash(I,1) = SDC(2,1,I);
end
figure
plot(SDCdash)
I = (1:101);
plot(I,SDCdash,I,NCM)
legend('SDC','NCM n=0.01','NCM n=0.05','NCM n=1','NCM n=2')
ylabel('Damage Index')
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MATLAB program developed to calculate the sensitivity of NCM and SDC to the wave
attenuation and increase.
clc
close
clear all
% define variables %
Ncycle = 5;% number of sinusoidal peaks that exists in the tone-burst
f = 50000;% signal frequency(Hz)
fs = 1e6;% sampling frequency
t1 = 0;% initial time(s)(ms=10^-3*s)
t2 = Ncycle/f;% end time t2=Ncycle*T=Ncycle/f
t = t1:1/fs:t2;% time duration having tone burst
N = length(t);
Win = window(@hann,N); % hanning window
Toneburst = zeros(1,length(t));
% plot baseline ToneBurst %
Toneburst = 1.*Win'.*sin(2*pi*f.*t);
figure
plot(t,Toneburst)
xlabel('time(s)')
ylabel('signal')
% attenuate/increase tone burst %
Factor = 0:0.1:2;
for I = 1:length(Factor)
Toneburstdash(:,I) = Factor(I).*Toneburst';
end
Toneburstdash = Toneburstdash';
% calculating NCM %
tau = t';
a12 = Toneburst';
for I = 1:length(Factor)
a22(I,:) = Toneburstdash(I,:);
end
a22 = a22';
for I = 1:length(Factor)
rxy(:,I) = xcorr(a12,a22(:,I));% cross-correlation
end
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rxx = xcorr(a12);% auto-correlation
% arrange cross correlation starting from the center(t=0) to the end
for J = 1 : length(Factor)
for I = 1 : (length(rxy)-1)/2+1
rxy_a(I,J) = rxy((length(rxy)-1)/2+I,J);
rxx_a(I,1) = rxx((length(rxy)-1)/2+I,1);
end
end
n = [0.01 0.5 1 2]';% order of the statistical moment
NCM = zeros(11,1);
M = length(tau);
for J = 1:4
for I = 1:length(Factor)
NCM(I,J) = abs(sum((tau(1:M,1).^n(J,1)).*abs(rxy_a(1:M,I)))sum((tau(1:M,1).^n(J,1)).*abs(rxx_a(1:M,1))))/sum((tau(1:M,1).^n(J,1)).*abs(rxx_a(1:M,1)));
end
end
figure
plot(abs(NCM))
% SDC%
for I = 1:length(Factor)
SDC(:,:,I) = 1- abs(cov(a12(:,1),a22(:,I))/(std(a12(:,1),0,1)*std(a22(:,I),0,1)));
SDCdash(I,1) = SDC(2,1,I);
end
figure
plot(SDCdash)

plot(Factor,SDCdash,Factor,NCM)
legend('SDC','NCM')
xlabel('Ay/Ax')
ylabel('Damage Index')
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