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1 Research background

1.1 Carbon fiber reinforced plastic (CFRP)

Carbon fiber reinforced plastic (CFRP) is a kind of composite material, which uses carbon
fibers as a reinforcement and polymer resin as a matrix. Carbon fiber is a kind of reinforcing
fibers which is about 7 micrometers in diameter and consists of more than 90% carbon. Carbon
fiber has excellent mechanical properties such as high tensile strength and high stiffness, and other
advantages including high chemical resistance and high temperature tolerance. However, the
carbon fiber cannot keep its shape well. On the other hand, though not as strong as the carbon
fiber, the polymer resin can keep the composites’ shape very well and act as a good complement
to the carbon fibers. Thus, in CFRP materials, the carbon fibers are providing strength and rigidity
while the polymer resin such as epoxy is binding the reinforcements together. Because both
components are lightweight materials, CFRP materials are of high specific strength and high
specific stiffness when compared to metallic material. Specifically, the density of CFRP is about
1500 kg/m?, which is only 1/5 of that of iron or 1/2 of that of aluminum, but the specific tensile
strength and the specific Young’s modulus of CFRP can reach 10 times and 3 times those of iron,
respectively.

These properties make CFRP very suitable for the application to the aviation industry because



more usage of CFRP can lower the fuel consumption to achieve a large cost reduction. For this

reason, the global leading aircraft companies, Boeing and Airbus, both have applied CFRP to the

manufacturing of a majority of primary structures. To be specific, now Boeing 787 is using over

50% composite and Airbus A350 XWB is using 52% composite by weight as shown in Fig. 1.1

[1][2][3], compared to barely 10% composite usage of previous generation Boeing 777.
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Fig. 1.1. Airbus used 52% composite in latest A350 XWB [1]

In addition to aerospace engineering, CFRP’s application also concerns many industrial fields,

such as automotive engineering, civil engineering, and sports goods. As the application rate
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continues to increase, CFRP markets will have a rapid growth in the near future as estimated by

Marsh (see Fig. 1.2) [4][5][6].
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Fig. 1.2. Global demand for CFRP in tons 2008-2020 (*estimated) [5].

1.2 CFRP structures

Among those applications of CFRP, the application in the semimonocoque parts of large-scale

structures is very prominent.

Semimonocoque is a shell structure combining internal ribs or frames as its stiffeners. It derives

its tensile strength mainly from the external skin while derives its compressive strength part from

the stiffeners. The fuselage of a Boeing 787 aircraft or chassis of a BMW i series car are typical

CFRP semimonocoque structures, for example.

In such a semimonocoque fuselage, due to the existence of many repetitive periodic structures,
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only one-unit of the whole structure is usually considered as a representative object of research.

As shown in Fig. 1.3, one-unit structure is taken out from the fuselage and such a structure is

usually called the “skin/stringer structure”. The stringer is of hat-shaped type in this figure. In this

structure, the skin functions as the load carrying member while the longitudinal stringers function

as the stiffening members which support the skin and keep the skin from bucking and bending

under compression or shear loads.

Stringer
- Skin

Frame

Fig. 1.3. (a) Interior of fuselage and (b) typical skin/stringer structure.

1.3 Impact damage in CFRP structures
Impact damage is one of the most common damage forms in a CFRP structure, which could
occur during its manufacture, operation or maintenance process. For aircrafts, impact damage is

usually caused by a dropped spanner, a runway debris, a collision with birds or a hail storm.
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Impact damages having obvious surface indentation are easily detected, but most of them could
hardly be detected by visual inspection. These impact damages are called barely visible impact
damage (BVID). BVID is mainly caused by low-velocity impact, which can induce fatal internal
damages. The severity is reflected in a significant degradation of mechanical properties by
generating large amount of delamination between layers inside the structure, even though there is
a very small surface indentation [7][8]. In previous literature, a reduction in residual tensile and
compression strength of up to 50% have been observed in specimens which displays no visible
damage [9]. Therefore, it is of great significance to detect impact damages, especially BVIDs, in

CFRP structures.

1.4 Detection of impact damages

In order to detect damages, especially the BVIDs, without changing the physical state of the
structure, nondestructive inspection (NDI) method is frequently used.

NDI is a collective term for a series of methods to detect the existing internal damages of a
structure without causing new damages. Methods such as eddy-current, magnetic-particle, liquid
penetrant, radiographic, ultrasonic and visual testing are often used in NDI [10]. In practical
aircraft inspection, visual testing, knock testing and ultrasonic testing are the most used methods

in NDI to examine damages.



However, executing a thorough NDI to detect BVIDs requires enormous amount of costs and

labors. Since NDI is an important work among the maintenance, the maintenance costs of aircrafts

can usually be very high. For example, more than 200 billion dollars per year are spent on the

maintenance and repairs cost in US. And the maintenance and repairs cost can even reach a quarter

of whole commercial operating costs annually [11].

One of the conventional ways to conduct NDI is to execute a “schedule-based inspection”. To

be specific, as shown in Fig. 1.4 (a), a schedule-based inspection at certain intervals is the

commonly adopted method to detect damages within the industry. In this case, a thorough

nondestructive inspection is conducted during interrupt of operations and the intervals is usually

a regulated period. However, the schedule-based inspection is not very effective. For example,

sometimes the thorough inspection is still regularly conducted though there are no damages

occurred in the structure, or sometimes the inspection is not conducted during the intervals but

actually needed because of a suddenly happened damage which has uncertain effect on the

structure.

To handle this problem, structural health monitoring (SHM) systems are proved to be effective

by some researches [12][13]. This is because when SHM system is introduced into this inspection,

the concise condition monitoring can be conducted frequently, and the health state information

can be more easily obtained, as shown in Fig. 1.4 (b). In this case, the inspection process becomes



demand-based at efficient intervals, which means a thorough inspection will be conducted only if

it is necessary to do so.

Thus, the efficiency of NDI can be improved by introducing SHM systems into it, meanwhile

the maintenance could have a largely cost reduction.

(a) Schedule-based inspection (x-year interval) Precise inspection (NDI)

// during interrupt of operation
-———
< X years —><— X years —>|<— X years Time

«— SHM system is introduced,
and the concise condition monitoring is conducted frequently.

(b) Demand-based inspection (efficient interval)

-————
<— Longer than x —sle Shorter | N Time
9 than x Xyears

Fig. 1.4. Schematic of (a) schedule-based inspection and (b) demand-based inspection.

1.5 Introduction of SHM system
SHM system can implement different functions depending on the purpose of the design. For

the detection of BVID in CFRP structures, active SHM system using guided waves is mostly used.



1.5.1 Active SHM method

Structural health monitoring (SHM) is an emerging interdisciplinary research area, and it aims
at assessing the present health state of a structure by using its integrated sensors network. As Fig.
1.5 shows, the sensors network is similar to human body’s nervous system. We could regard SHM
systems as a doctor and the structure as a patient: for the objective of SHM method, the doctor

can diagnose the patient and give a judgement of the patients’ health condition [14].

Nerve system Sensor network

Fig. 1.5. Nerve system of human body is similar to sensors network of aircraft

In terms of performing forms, SHM methods could be classified as two types: a) passive SHM;

and b) active SHM [11]. As shown in Fig. 1.6, passive SHM and active SHM methods both have

sensors embedded in the monitored structure and the monitored structure will respond accordingly

when the external environment changes such as an emergence of damage. But they also have

differences. The passive SHM concerns about measuring the physical changes of monitored
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structure caused by external environment directly, such as loading, stress, acoustic emission (AE)

signals. On the other hand, active SHM concerns about measuring the perturbation in the received

signals and these signals are excited by the embedded actuator and will perturb according to the

emergence of the physical changes.
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Fig. 1.6. Two main ways to perform SHM: a) passive and b) active [10].

Passive SHM method is useful, but it’s less reliable because passive SHM method does not

directly assess the health state of the structure but infers the health state using passive sensors
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[15]. In contrast, active SHM can provide us the information of the present health state and based

on this we can make more reliable decisions such as if we can continue to use it or should carry

out thorough nondestructive inspections and repairs. In this respect, active SHM methodology

can provide valuable information for the execution of NDI.

1.5.2 Guided waves

Among active SHM, guided waves testing is mostly used because it can offer an effective and

reliable way to evaluate the presence, severity, location, type of damage, etc. [16].

Guided waves are mechanical stress waves which propagate in a structure and their travelling

is guided by the structure’s boundaries. According to the boundary conditions of the structure,

guided waves are classified as different types. For instance, shear horizontal plate waves (SH

waves) and Lamb waves propagate in plates; Rayleigh waves propagate in surfaces; flexural

waves and torsional waves propagate in rods.

Among those types, Lamb wave, named after Horace Lamb, was found in thin plates with

parallel free boundaries in 1917. But it hasn’t been used as a means of detecting damage until

1961 (applied firstly by Dr. Worlton) [17], when compared to the conventional ultrasonic testing

which is developed earlier in 1942 by Dr. Floyd [18] and applied more widely today. However,

guided waves testing or Lamb waves testing have the advantages that (1) it makes long distance
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inspection available; (2) it enables the inspection in inaccessible regions of structure; and (3) it
has high sensitivity to multiple damage forms [19]. Fig. 1.7 revealed the difference between these

two kinds of testing methods in schematic.
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Fig. 1.7. Schematic of (a) conventional ultrasonic testing and (b) guided wave testing.
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1.5.3 Development of the SHM system

A generic active SHM system is shown in Fig. 1.8 [11]. It is consisting of two kinds of modules.

The hardware module includes several embedded sensors, data concentrators, and a monitoring

unit, while the software module contains the data acquisition, management, deliver and diagnosis

systems. The two modules work as complement to each other.
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Fig. 1.8. Schematic of a generic active SHM system [11].

Fig. 1.8 shows that SHM system is very large and complex. The development of a reliable

integrated SHM system is not easy and usually takes several years. From 2005, SUBARU and

our research groups started to develop a SHM system consisting of a micro fiber composite (MFC)

actuator, which is a film-type piezoelectric transducer, and a fiber Bragg grating (FBG) sensor,

which is a kind of optical fiber sensor, to detect damages in a wide area of CFRP skin/stringer

structures (see Fig. 1.9). The MFC actuator generates ultrasonic Lamb wave which propagates in

the structure and is received by the FBG sensor. As the damage initiates and grows in the structure,

the propagated Lamb wave changes. Then, an interrogation unit gives a judgement about whether

a damage exists by analyzing the Lamb wave’s waveform differences between the intact case and

the damaged case [20].
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Fig. 1.9. Overview of SHM system developed by SUBARU [20].

1.5.4 Reliability of the SHM system

SUBARU and our research groups have made lots of attempts in developing similar SHM

systems with integrated sensors to detect debonding, delamination or impact damage for the past

decades [21][22][23][24][25][26][27]. Most of these researches proposed methods to recognize

the signals in order to detect different damages, however, they lack the verification of reliability

of proposed SHM system. Thus, to make a SHM system more reliable, practical problems need

to be addressed. For example, for the detection of BVIDs in a CFRP skin/stringer structure,

various impact damages with different location or dimensions should be taken into consideration

(see Fig. 1.10), because a reliable SHM system must respond to various damage situations. This

requires an optimal configuration of actuator(s)/sensor(s).
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Fig. 1.10. Various impact damages in a skin/stringer structure with different dimension and

location.

1.5.5 Methods to optimize the configuration

In order to determine the optimal configurations of ultrasonic actuators and sensors, the wave

propagation behavior should be clarified for various impact damages with different dimensions

and locations [28]. Although the optimal placement of sensors for SHM have been studied early

by using mathematical tools [29][30][31], the experimental investigation is still the most common

method to optimize the configuration in reality [32]. The experimental investigation is usually

costly, laborious, and time-consuming. This is because the specimen cannot be used again after
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the first impact generation test. Every time the position or dimension of an impact damage is
changed, a new specimen is needed.

In contrast, in the simulation, since the position and dimension of the impact damage can be
changed easily with a few adjustments in the finite element method (FEM) software, the
investigation of the optimal configurations based on numerical simulations is more efficient and

economical.

1.6 Objective of this thesis

Therefore, in this study, we attempt to establish an effective simulation method to investigate
the ultrasonic propagation behavior in CFRP structures with impact damages with different
dimensions and locations.

In specific, the content of this thesis are as follows:

First, we attempted to establish a simplified modeling method of an impact damage in a quasi-
isotropic CFRP laminate plate. Instead of simulating the details of the impact-damage area, we
simply reduce elastic constants in the region of the impact. The reason of proposing the simplified
model is that it will greatly reduce time cost of modeling by avoiding tedious labor. Then, we
incorporated the simulation method of an impact damage into a FEM model of a CFRP skin/hat-

shaped stringer structure and simulated the wave propagation behavior in the damaged structure.

15



Then the applicability of the modeling method was evaluated through the comparison with
experiment results. Furthermore, in order to understand the complex waveform received in the
sensor, we attempted to calculate theoretically the dispersion characteristics of Lamb waves in
complex-shaped structures by constructing a modified semi-analytical finite element (SAFE)
method. Finally, a brief summary was made about the whole thesis. In appendix, the propagation
behaviors in woven CFRP laminates with impacts are also investigated to evaluate the

applicability of this simulation method.

1.7 Framework of this thesis

The frame work of this thesis is shown in Fig. 1.11.

[ Chapter 1. Research Background ]

|
[ |

{Chapter 2. Simplified modeling method ofl { Chapter 3. Investigation in a complex- 1

impact damages shaped CFRP structure

# Simulation investigation
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4 Discussion
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€ Verification in a CFRP laminates

/
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4 Semianalytical finite element method i
4 Dispersion curves of a skin/stringer structure i
# Discussion X
!
i
1
1
|

\ J
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[ Chapter 5. Conclusion ] i

1
!
4 Application of simplified modeling 1
method in fabric CFRP |
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Fig. 1.11. Framework of this thesis.

16



The whole thesis includes 5 chapters and an appendix chapter. Chapter 1 is the introduction

and research background. The CFRP, CFRP structures, impact damage, detection of impact

damage, introduction of SHM, and the objective are discussed. In Chapter 2, the simplified

modeling method of impact damages in CFRP structures was introduced and then this method

was verified with experiments. In Chapter 3, this simulation method was applied to a complex-

shaped CFRP structure, then the simulation investigation and the experiment investigation were

discussed. Then to help understanding the waveforms that we obtained in Chapter 3, the

theoretical investigation of guided wave propagation was conducted by the calculation of the

dispersion curves with modified SAFE method in Chapter 4. And in Chapter 5, a brief

conclusion about my research was made. Finally, the investigation of guided wave propagation in

a fabric CFRP laminates is discussed in the appendix chapter.
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2 Simplified modeling method of impact damage

2.1 Introduction

In this thesis, we first present our investigation of impact damage modeling in a quasi-
isotropic CFRP plate in which guided Lamb waves propagate.

Because impact damages in CFRP structures consist of multiple microscopic damages, such
as delamination, shear cracks, and transverse cracks, it is difficult to precisely model the impact
damages for FEM analysis. However, in order to investigate the SHM systems to detect impact
damages, we need to model various kinds of impact damages easily. Therefore, we attempt to
establish a simple modeling method of impact damages. When the wavelength of a Lamb wave
is much longer than the microscopic damages, we can assume the impact-damaged area as a
homogeneous region with the stiffness degradation. The benefit of this model is to reduce the time
to construct FEM models. In particular, we can easily set several damages in various positions of

the structure.

2.2 Simplified modeling method of impact damage

2.2.1 Theoretical background: stiffness matrix and velocities of Lamb waves in
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quasi-isotropic composite plate

A quasi-isotropic composite plate can be represented by five independent stiffness coefficients

Ci1, C12,Cy3,C33, and C4, (3-axis corresponds to out-of-plane direction). The 6 x 6 stiffness

matrix is

Ci1 Ci, Ci3 O 0 0

Ci, Ci1 Ci3 O 0 0

Ciz Gz €z 0 0 O

0 0 0 C4 O oY

0 0 0 0 Cuy O

0 0 0 0 0 Cg
where

C11-C
C66 — 112 12 (1)

The relationships between elastic constants and stiffness coefficients in the quasi-isotropic

case are as follows:

1-V23V32
C — 457952
11 EyEzA ’
C., = V21+V31V23
12 E,EzA ’
{ Cis = V31+V21V32 2)
E,EzA '
1-V1pV21
Con = ¥12V21
33 E E,A ’

Caq = G33,Co6 = Gy,

where

A= 1-V12V21—V323V32—V13V31—2V21V32V13
EEzE3 ’

)

v's are Poisson’s ratios, E's are longitudinal elastic moduli, and G's are transverse elastic moduli.

The stiffness coefficients of CFRP quasi-isotropic laminates (T700S/2500, [45/0/-45/90]3s) are

given in Table 2.1.
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Table 2.1. Density and stiffness constants of CFRP (T700S/2500)

p Ci1 Ci2 Ci3 C33 Cyq Cos

Quasi-isotropic 1530 57.57 19.31 5.16 10.71 3.46 19.13

Unidirectional 1530 133.09 4.98 4.98 10.71 2.70 4.80

Density in kg/m® and stiffness constants in GPa.

The stiffness coefficients and density p are related to the velocity of elastic waves. For example,
the velocity of a longitudinal bulk wave propagating in the thickness direction is expressed as

Vpulk= \/%- 4

A guided wave in a plate (Lamb wave) has many modes, and the existence and velocity of

which are significantly dependent on frequency. It is convenient to use dispersion curves to

describe such a relation between velocity of modes and the frequency. There are two basic types

of modes existing in Lamb waves, the symmetric modes and antisymmetric modes. For each type,

there exist a number of modes corresponding to the solutions of Rayleigh-Lamb equation

tanpd _ _ (52_q2)2 .
tangd 482pq (symmetric), (5)
tanpd _ __48%pq . ]
tanqd  (§2-q2)2 (antlsymmetnc),
where p and q are given by
2 — w_z _ 2 42 _ w_Z 22
=g =5 ©)

w 1is angular frequency, ¢ is wave number, Cp is longitudinal wave speed, Cs is transverse
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wave speed, and d is half thickness of plate.

For each symmetric modes, they are designated So,S1,S,"**, and for antisymmetric modes, they
are designated Ao, A1, Az,"*. Fig. 2.1 shows the dispersion curves of group velocities of Lamb
waves propagating in a 3.4-mm-thick CFRP plate. This dispersion curves can be easily calculated
by software DISPERSE theoretically based on the extension of Eqs.(5) to anisotropic materials.
DISPERSE is an interactive Windows program designed to calculate dispersion curves for

multilayered anisotropic structures and developed by Imperial College.

ngp (km/s)

0 200 400 600 800 1000
Frequency (kHz)

Fig. 2.1. Dispersion curves of group velocities of Lamb waves in a 3.4-mm-thickness CFRP

quasi-isotropic plate. The parameters in Table 2.1 were used to obtain the curves.
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At low frequencies, i.e., f < 220 kHz, the velocity of the lowest-order symmetric mode (So)
reaches a constant value known as the plate velocity vpla:
Vs, = Vplae. ©
In an isotropic thin sheet [33], the plate velocity is expressed as

_ f4(/1+u)u
Uplate= (A+2p)p ) (8)

where A and pu are Laméconstants. Similarly, in a quasi-isotropic CFRP plate, the plate velocity

is expressed as
C11C33—(C13)?
ate — — . 9
Uplat / 0Cas )
Because (;3 is much smaller than C;; and (33 for a quasi-isotropic CFRP plate, C;3 can be
omitted from Eq. (9), yielding the following equation:
c
Uplate = % . (10)
At high frequencies, the velocities of the lowest-order modes (Ao and So) are close to the
velocity of a Rayleigh surface wave, Urayiign. In particular, although the velocity of the lowest-
order antisymmetric mode, v, , sharply changes at frequencies < 40 kHz, it approximates to a

constant Vrayleigh at frequencies > 40 kHz:

vAO — VRayleigh- (11)
. . . c
The velocity of a Rayleigh surface wave is close to that of a transverse wave, Vyansverse = f

[11]. Therefore,
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’C
VRayleigh =~ % . (12)

For a 3.4-mm-thick CFRP plate, in the frequency range 40-220 kHz, the velocities of Ag mode
and Sy mode satisfy both Eq. (7) and Eq. (11), they are respectively
Vs, z\/%, Vao z\/%- (13)
In the above frequency range, So and Ao modes are propagating waves (the higher modes cannot
propagate). The minimum ultrasonic wavelength of the propagating waves is > 6.8 mm
(calculated with velocity of Ap mode and frequency at 220 kHz), which is much larger than the

thickness of the plate. Therefore, homogeneous effective stiffness parameters can be used.

2.2.2 Observation of impact-damaged area

We prepared a 3.4-mm-thick CFRP quasi-isotropic laminate plate (T700SC/2500
[45/0/-45/90]ss) for the observation of an actual impact damage. The CFRP used in the experiment
is T700SC/2500 instead of T700S/2500 because T700S/2500 is no longer marketed. And since
we don’t have the information about the stiffness constants of T700SC/2500, we make an
assumption that T700SC/2500 has the same degradation ratio in the impact-damaged area as that
of T700S/2500.

Impact damage in the form of a 4-mm-diameter dent was generated at the center of the plate.

The plate is shown in Fig. 2.2. Then, an ultrasonic C-scan observation was conducted to measure
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the size of the damaged area, as shown in Fig. 2.3. The damaged area was quasi-isotropic and

approximately 28 mm in diameter. After cutting through the damaged area, a microscope was

used to observe its cross section to investigate the damage, as shown in Fig. 2.4. Delamination

could be found around the impact point and the delaminated area increased in the deeper interfaces

of the plies.
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Fig. 2.2. CFRP laminate plate with an impact damage at the center.
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Fig. 2.3. C-scan observation of the damaged CFRP plate.
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Fig. 2.4. (a) Cross-sectional image observed by a microscope and (b) schematic of the damages.
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From the observations, we considered the impact-damaged region as a frustum with degraded
stiffness constants [34]. Fig. 2.5 (a) shows the geometry of our model of the impact-damaged
region, which was assumed to be homogeneous and quasi-isotropic. Fig. 2.5 (b) shows the FE

model of the impact-damaged region.

¢ 28 mm
)

(b)

Fig. 2.5. (a) Impact-damaged region assumed to be a homogeneous and quasi-isotropic frustum

with degraded stiffness constants, (b) FE Model of impact-damaged region with LS-DYNA.
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In this thesis, the modeling of impact damage as a frustum, the stiffness of which is

homogeneously degraded, is called the “simplified modeling method”. These hypotheses will be

verified in Section 2.3.

2.2.3 Determination of stiffness constants by measurement of ultrasonic propagation

To establish the simplified model, the degradation rates of the stiffness coefficients in the

impact-damaged area must be determined. Of the five independent stiffness coefficients,

Ci1 and C44 canbe determined based on the change in the ultrasonic velocities, C;, and C;3 can

be deduced from the cross-sectional observation, and (33 is discussed in detail in the following

section.

2.2.3.1 Determination of C;; and C44 based on the change in ultrasonic velocities

The degraded values of C;; and C,4 can be determined based on the change in ultrasonic

velocities from ultrasonic experiments. We first investigated Lamb wave’s propagation in the

specimen plate. An ultrasonic actuator (AE sensor NF-AE-900M, NF Corporation, Yokahama,

Japan) was fixed on the top of the plate and two ultrasonic sensors were set symmetrically on the

top and bottom of the plate as receivers (see Fig. 2.6). The two sensors were moved at 10-mm
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intervals along the propagation path, which included the center of the impact-damaged area. By

adding or subtracting the two signals detected by the two sensors, we obtained the symmetric or

antisymmetric components of the signals.

Ultrasonic Ultrasonic
actuator sensor
Lamb waves CFBP
1 F1 /EE//E=EEEEEEEE/[
A Lamb Waes " Impact-damaged area
- - -

Fig. 2.6. Experimental setup for measuring Lamb wave propagation to determine C;; and Cyy4.

The input signal was generated as a three-cycle sinusoidal wave with a Hamming window at

180 kHz, which is between 40 and 220 kHz. The output waveform at 60 mm in the damaged plate

is shown in Fig. 2.7.
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Fig. 2.7. Output waveform at a propagation distance of 60 mm in the damaged CFRP plate.

For contrast, we did the same experiment on an intact CFRP plate. Fig. 2.8 shows the
propagation times of Lamb waves in intact and damaged CFRP plates. The propagation times
were determined using the maximum peaks of the waveforms. The number of experimental data
of the Sp mode were less plotted than those of the Ay mode because it is difficult to separate the
So mode from the Ap mode at a short propagation distance. Fig. 2.8 clearly shows the increase in
the propagation time due to impact damage in the propagation path, and the increase in the
propagation time of the Ag mode was greater than that of the Sp mode. Using the assumption that
the impact damage was homogeneous, we assumed that the Lamb waves propagated at constant
velocities Vim in the impact-damaged area (Vim = Vims, OF Vima,. Hereafter, viys, and vima,
are referred to as the velocities of the So and Ao modes in the impact-damaged region. The

velocities of the So and Ao modes in the intact area are referred to as vjyg, and Vina, )
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Additionally, the propagation distance in the impact-damaged area, Sy, is considered to be the

average length of the maximum diameter of 28 mm and the minimum diameter of 4 mm. Sj;,

was 16 mm according to the calculation.
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Fig. 2.8. Propagation times of Lamb waves in the intact and damaged CFRP plates. (a) Sp and (b)
Ao modes are plotted. Input waveform was a three-cycle sinusoidal wave with a Hamming

window at 180 kHz.
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When a propagation distance S of the Lamb waves in the impact-damaged plate is the same

as that in the intact plate, we obtain the following equations:

tin X Vin =S,

ty X Vim = Sim,
Sim+ ta X Vip =S,

tim = ta t ty,

(14)

where Vi (= vips, Or Vina,) is the average velocity of the Lamb wave in the intact plate; ti,
and t;,, are the average propagation times at distance S in the intact plate and in the impact-
damaged plate, respectively; and t, and ¢, are the propagation times in the intact region and in
the impact-damaged region of the damaged plate, respectively. The velocity Vim (Vims, OF Vima,)
and Vin (Vins, OT Vina,) can be easily obtained from Eqs. (14).
The calculated group velocities in the intact area are as follows:
Vins, = 5.30 km/s, vins, = 1.60 km/s,
and calculated group velocities in the impact-damaged area are as follows:
Vims, = 4.55 km/s (85.8% of viys,), Vima, = 1.23 km/s (76.7% of vjpa,)-

According to Egs. (13), because C;; % vfo and Cyy X vfo, we assumed that

Citin _ VinSg\2 Casin _ ,Vindg~2 (15)

)
Ci1,im VimSq Caa,im VimAg

where Cy1(= Cyyn Or Ciqim) s the stiffness constants €4 in the intact area or in the impact-

damaged area, Cyq(= Cyqn OF Cyqim) is the stiffness constants Cy4 in the intact area or in the

impact-damaged area.

According to Eq. (15), C;; inthe impact-damaged area is assumed to degrade at the same rate

31



as v520(26.2% degradation) and C,, in the impact-damaged area is assumed to degrade at the

same rate as v ,(40.8% degradation).

2.2.3.2 Determination of C{3 and C;; based on observational results

Based on the cross-section observation shown in Fig. 2.4, delamination was the most dominant
form of damage, and it is reasonable to assume that the out-of-plane Poisson’s ratios were close
to 0, namely, v3q1,Vv3, =0, because the delamination could not transfer the vertical strain. Hence,
according to Eq. (2), C;3 becomes 0. In addition, the in-plane Poisson’s ratio v;, can be
assumed approximately invariant through the impact process. According to Eq. (2), because
Ci1 x Ey; and Cyp < E;;, €y, is assumed to degrade at the same rate as Cy; (26.22%

degradation).

2.2.3.3 Determination of C33

The propagation time of the longitudinal bulk wave in the thickness direction around the
impact-damaged area was measured using the experimental setup shown in Fig. 2.9. The
measured propagation time as a function of distance from the center of the impact-damaged area

is plotted in Fig. 2.10 (a). The average velocity of bulk wave in the intact area is vyux= 2.67km/s.
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Fig. 2.9. Experimental setup for measuring longitudinal bulk wave propagation to determine Cs5.

Input waveform was a three-cycle sinusoidal wave with a Hamming window at 180 kHz.
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Fig. 2.10. (a) Propagation time of the longitudinal bulk wave as a function of distance from the

impact damage center. (b) Bulk wave propagation time increases with the number of

delaminations.
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The plot shows that the bulk wave propagation time was longer around the impact-damaged
area, but in the center of the impact damage, the ultrasonic propagation time was the same as that
of the intact area. Considering the cross-section image in Fig. 2.4, delaminations probably blocked
the propagation of the bulk wave in the thickness direction, as shown in Fig. 2.10 (b). The bulk
wave propagated from the upper surface to the lower surface by detouring around the
delamination. Because the propagation time varied with position in the impact-damaged area, it
was difficult to determine an accurate value of C35 for the entire model, but it should be between
the values calculated with respect to the longest and shortest travel times (which are equal in the
intact area) in the thickness direction. In our study, we assumed that C3; was not degraded,
because the stiffness value in the thickness direction does not significantly affect the Lamb waves.
The major concern for our model is the numerical simulation of Lamb wave behavior. Hence, a
parameter unrelated to the behavior is not necessarily changed. Using the same Cs; value as that
in the intact area is simpler.

Here we present detailed verification of this fact based on simulation. We compared two values
of C33: intact and 51% degraded. The degraded value is calculated as

C33 = PVhulk min- (16)
where Vpyik min 18 the minimum propagation velocity of the bulk wave in the impact-damaged

area from Fig. 2.10 (a). The simulation was conducted using LS-DYNA simulation software
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(Livermore Software Technology Corporation, Livermore, CA, USA). An out-of-plane force of a

three-cycle sinusoidal wave with a Hamming window at 180 kHz on the CFRP plate (90 x 90 x

3.4 mm’, mesh size = 0.2 mm in the in-panel direction and 0.14167 mm in the thickness direction)

excited Lamb waves, which propagated along the plate. To estimate the time delay caused by the

change in C33, we calculated the cross correlation, which measures the similarity between two

waveforms. By shifting the waveform calculated for the degraded case, we found the time delay

between the waveform in the unchanged case and that in the degraded case. The obtained delay

is shown in Fig. 2.11. Few differences were found because the 0.1-ps time delay is only 0.29% of

34.5 ps, which was the propagation time at the distance of 50 mm. Hence, the stiffness coefficient

in the thickness direction, C33, has little effect on the propagation time of Lamb waves and can

be regarded as invariant in this modeling.

The above analysis was used to determine the stiffness matrix values of the impact-damaged

area, as shown in Table 2.2. Outside this area, the stiffness matrix values remain unchanged from

those of the intact CFRP shown in Table 2.1. With the stiffness matrix determined, we have

established the simplified model.
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Fig. 2.11. Calculated time differences (delay) of waveforms between degraded (33 and

unchanged (33 according to cross-correlation analysis.

Table 2.2. Density and stiffness constants of impact-damaged area in the simplified modeling

method (T700S/2500)

Impact-damaged area 1530 4247 14.25 0 10.71 2.05 14.11

Density in kg/m® and stiffness constants in GPa

2.3 Verification of the validity of the simplified modeling method
In Section 2.2, we have established the simplified model of impact damage using the
assumption that the impact-damaged area is quasi-isotropic and homogeneous. To verify the

validity of the simplified modeling method presented in this thesis, we compared the results
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calculated using this model with those calculated using a precise FEM model and those obtained

by experiment.

2.3.1 Comparison with a precise multiple-delamination model

Our “multiple-delamination model” models the impact damage in detail by using double

nodes to represent delamination. In this model, peanut-shaped delamination is taken into account

[35][36][37]. Fig. 2.12 shows our multilayer-delamination model where each peanut-shaped

delamination between adjacent plies extends along the direction of the ply. The delamination size

increases with depth. In this model, each laminate layer was simulated using the unidirectional

stiffness constants listed in Table 2.1. The laminate configuration was [45/0/-45/90]3s. Using LS-

DYNA, we calculated the Lamb wave propagation through the damaged area with a propagation

distance of 40 mm along four directions: 45°, 0°, -45°, and 90°. Then, the calculated waves

underwent wavelet transformation. The results are presented in Fig. 2.13 as propagation time as

a function of frequency. The velocity and frequency of the Lamb waves in the four directions

were in good agreement. Thus, the dependence of Lamb wave propagation on direction is

negligible, even in the laminated multiple-delamination model, considering the difference of fiber

direction in each ply. Therefore, the assumption that the impact-damaged area is quasi-isotropic

used in constructing the simplified model is reasonable and acceptable.
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Fig. 2.12. Schematic of delamination used in the multiple-delamination model of impact damage.
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Fig. 2.13. Wavelet transformations of waves propagating through the impact-damaged region in

four propagation directions. The laminated multiple-delamination model was used, and the

propagation distance was 40 mm.
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Fig. 2.14. Waveforms at a propagation distance of 60 mm in the simplified and the laminated

multiple-delamination models.

Next, the waveforms of the laminated multiple-delamination model and the simplified model

were compared at various propagation distances. Fig. 2.14 shows the waveforms calculated with

both models at a propagation distance of 60 mm. In these waveforms, the So mode appears at

about 14 us, the Ag mode appears at about 38 s, and the reflection waves from the edges of the

plate appear at approximately 60 ps. After removing the reflection signals, the direct propagated

waves underwent wavelet transformation, as shown in Fig. 2.15. The wavelet transform results
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of both models at each propagation distance agree well.

Furthermore, because the displacement of the Ap mode is much larger than that of the Somode

in the waveforms, we determined the propagation time from the maximum peak of the Ay mode

in each wavelet transform result. The obtained propagation times are plotted in Fig. 2.16. The

propagation time obtained with the simplified model agrees well with that obtained with the

multiple-delamination model. In addition, as expected from the dispersion curves in Fig. 2.1, the

propagation time for three cases are similar in the range from 40 to 220 kHz. These results indicate

that the simplified model is appropriate for simulating Lamb wave propagation through impact

damage in this frequency range.

2.3.2 Comparison with experimental observation

For a better understanding of Lamb wave propagation behavior, we compared the results

calculated using FEM analysis with experimental results, as shown in Fig. 2.17.
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Fig. 2.15. Comparison of wavelet transformation of the propagated waves in the laminated

multiple-delamination model and the simplified model at various propagation distances. Input

waveform was a three-cycle sinusoidal wave with a Hamming window at 180 kHz.
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Fig. 2.17. Comparison of Lamb wave propagation behavior calculated using three models and

observed by ultrasonic visualization.
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In the FEM analysis, the impact-damaged area was at the center of the plate. The plate had a

lamination configuration of [45/0/-45/90]ss, and dimensions of 90 x 90 x 3.4 mm’. The mesh size

was 0.2 mm in the in-panel direction and 0.14167 mm in the thickness direction. The input

waveform in the simulation was a three-cycle sinusoidal wave with a Hamming window at

180 kHz and the Z-displacement was plotted.

Fig. 2.17(a) shows the wave propagation calculated with the homogeneous multiple-

delamination model and the effective stiffness matrix for a quasi-isotropic laminate listed in Table

2.1 for the whole homogeneous plate. Fig. 2.17(b) shows the wave propagation calculated with

the laminated multiple-delamination model. Fig. 2.17(c) shows the wave propagation calculated

with our simplified model. The propagation behavior of Lamb waves and the change in velocity

at the impact-damaged area agree well among these three models. However, the amplitudes of the

Lamb waves after passing through the impact-damaged area as found by the multiple-

delamination models and our simplified model were different. The amplitude behind the impact-

damaged area in the simplified model was larger than those in the multiple-delamination models.

To clarify the reason for the difference in amplitude between models, we obtained the total

energy of the propagation wave in the multiple-delamination model calculated using LS-DYNA

and found that the energy loss at the delaminated region consisting of double nodes. The energy

loss was probably caused by the friction force between the upper and lower surfaces of each
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delamination. On the other hand, in the simplified model, because the wave velocity decreased

more in the impact-damaged region than in the intact region due to the degradation of the stiffness

constants, the propagation direction of the wave changed by refraction when it passed through the

low-velocity region. Hence, the impact-damaged region acted as a focusing lens and the amplitude

increased behind the impact-damaged area.

Fig. 2.17(d) shows the visualized ultrasonic propagation observation conducted using the

Laser Ultrasonic Visualizing Inspector (LUVI) system, which was developed by Tsukuba

Technology. The LUVI uses a laser as the signal generator and an AE sensor as the receiver to

obtain the wave propagation behavior based on reciprocity theory [38]. The velocity reduction

seen in the experimental results was similar to that in all the simulation results. The amplitude

was increased when the waves passed through the impact-damaged area, which agrees well with

the simulation results of the simplified modeling method. This experimental result shows that the

wave energy did not dissipate at the impact-damaged area and, thus, the simplified model is more

appropriate than the multiple-delamination models.

For further comparison, the differences in propagation time between the wave in the damaged

plate and that in the intact plate were calculated using cross-correlation analysis. The results are

plotted as a function of propagation distance in Fig. 2.18. Two kinds of modeling method using

stiffness constants of T700S/2500 are compared and the experiment results in a CFRP laminate
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made of T700SC/2500 are also plotted for comparison.
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Fig. 2.18. Difference in propagation time between the wave in the damaged plate and that in the

intact plate at different propagation distances. The input waveform in the simulation was a three-

cycle sinusoidal wave with a Hamming window at 180 kHz.

Before passing through the damaged area (center of impact-damaged area is at 40 mm), the

difference in propagation time for all three results is nearly zero. This means that wave
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propagation in the damaged plate is the same as that in the intact plate. Around the damaged area,

especially at 45 mm, the time delays of the three models do not agree well. However, after passing

through the damaged area such as after 60 mm, the time difference becomes stable and has a slow

decline for all the three models. The slow decline is mainly because part of the Lamb waves come

around the impact-damaged area rather than passing through the impact-damaged area directly

when the distance between the measure point and the center of impact-damaged area is long. The

wave propagation behaviors after passing through the impact-damaged area is more reliable than

that around the impact-damaged area to detect a damage. Fig. 2.18 shows that the tendency of

difference in propagation time after passing through the impact-damaged area agreed among the

results of two kinds of modelings and the experiment results of T700SC. This agreement indicates

that the simplified modeling method is quantitatively appropriate for modeling the impact damage

in Lamb wave propagation simulation in quasi-isotropic composite structures.

2.4 Conclusions

In this chapter, for a practical FEM simulation of Lamb wave propagation, we modeled the

impact-damaged area in a CFRP plate as a homogeneous frustum in which the quasi-isotropic

stiffness constants are degraded. The dimensions of the damaged region were determined by

experimental observation. The degraded stiffness matrix of the impact-damaged region was
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determined from the measured velocities of waves and using some assumptions. We showed that

the calculated behavior of Lamb wave propagation in the simplified model agrees well with that

in the multiple-delamination model and with the experimental results.

The frequencies used in this section ranged from 40 to 220 kHz, which seem suitable for use

in SHM systems because the behavior of Lamb waves can be easily interpreted.

This simplified model will be useful for the investigation of suitable configurations of

actuators and sensors for SHM systems to detect impact damages of various sizes and locations.

The simplified model does not reduce computational cost because total amount of elements is

not changed. However, it reduces effort of making a simulation model. To be specific, the

modeling time of the simplified model is approximately 1/10 of that of multiple-delamination

model used in this thesis. Thus, the simplified model is efficient and useful.

In the subsequent chapter, the applications of this simplified model in a CFRP skin/stringer

structure will be discussed.
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3 Investigation of guided wave propagation in a complex-

shaped CFRP structure

3.1 Introduction

In Chapter 2, we discussed the impact damage modeling method of Lamb wave propagation
in a quasi-isotropic CFRP laminate plate. In order to verify the applicability of our proposed
simplified modeling method in complex-shaped structures, we prepared a CFRP quasi-isotropic
skin/hat-shaped stringer structure (T800/3900-2B, [45/0/-45/90]s, both skin and stringer are 1.5
mm in thickness). The value of the skin thickness is typical one of real aircraft fuselage. Therefore,
by analyzing this specimen, we can proceed to develop a SHM system applicable to real aircrafts.
The stiffness coefficients are given in Table 3.1. This skin/hat-shaped stringer structure is also
laminated by unidirectional plies. This structure is shown in Fig. 3.1(a) and in consideration of
its periodicity, one unit of the specimen’s dimension is shown in Fig. 3.1(b).
Table 3.1. Density and stiffness constants of the CFRP quasi-isotropic skin/hat-shaped stringer

structure (T800/3900-2B)

p Ci1 Ci2 Ci3 C33 Cyq Coo

Quasi-isotropic 1580 67.45 24.63 4.84 9.22 3.53 22.10

Density in kg/m® and stiffness constants in GPa.
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Fig. 3.1. (a) CFRP skin/hat-shaped stringer structure and (b) the dimensions of the cross-section

of one unit of the periodical structure.

3.2 Simulation investigation

FEM analysis was performed with the commercial FEM software ComWAVE, as shown in Fig.
3.2.

ComWAVE is used to model the CFRP skin/hat-shaped stringer structure instead of LS-DYNA

in our research because compared to ComWAVE, it takes a large computing cost with LS-DYNA
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to model such a large and complex structure.

ComWAVE is a software application developed by ITOCHU techno-solutions that has an

excellent performance in simulating dynamic behaviors, such as ultrasonic propagation in

structures or ultrasonic testing in medical science. ComWAVE has the following advantages: 1)

it is specialized in ultrasonic simulation; 2) its maximum number of elements can reach 1 billion

because it adopts a voxel type finite element method as its analytical solver; 3) it executes analysis

by using a computer cluster (memory distributed parallel computing environment) which enables

high-speed calculation.

In the current skin/hat-shaped stringer model used for analysis with ComWAVE, the total

number of elements is 596 Mega, in which the number of elements of the CFRP skin/hat-shaped

stringer model is 45 Mega and the null elements are 551 Mega. In ComWAVE, the whole

calculated area is a rectangular parallelepiped, in which the volume occupied by CFRP skin/hat-

shaped stringer structure is small, and the portion corresponding to air (null elements) is the

majority.

In the fuselage part of a real aircraft, the dimension of CFRP skin/stringer structure is nearly

the same as our specimen. In the wing tip part of a real aircraft, the thickness of the skin will be

about twice of that of our specimen. In the wing root part of a real aircraft, the thickness of the

skin will be about 7 times of that of our specimen, the spacing between the stringers will be about
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1.5 times of that of our specimen, and the length of stringers will be twice that of our specimen.

Therefore, combining the dimensions in the other two directions and according to the rough

estimation, the corresponding number of elements of the skin/hat-shaped stringer model in wing

root will be the most among the three actual applications, which is about 900 Mega.

ComWAVE requires about 7 GByte of memory per 100 mega elements. The skin/hat-shaped

stringer model in wing root is about 1454 M elements and the total computing cost is about 101

GByte. In addition, the laboratory workstation's installed memory is 256 GBytes and can handle

up to 3 billion (3000 M) elements.

Impact damage MFC actuator

~ / .
. ~~. Measure point

% A—J

Cross-section

Impact damage

Fig. 3.2. Finite element model of CFRP skin/hat-shaped stringer structure with ComWAVE.
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Cross-section

Fig. 3.3. Periodic boundary conditions were applied on both sides.

Since the skin/hat-shaped stringer structure can be assumed as a periodic structure, just one

unit area between two adjacent stringers was modeled with periodic boundary conditions on both

sides according to the cross-section dimensions in Fig. 3.1(b), and the model is shown in Fig. 3.3.

The parameters in Table 3.1 were used in the intact area of the CFRP skin/hat-shaped stringer

structure. The mesh size was determined by the thickness of one ply in the laminate which is

0.1875 mm. The impact damage was modeled with a simplified modeling method using the

dimensions of the real impact damage generated in the experimental investigation. The mesh

division is shown in Fig. 3.4.
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Front view

A

Top view

A

Isometric view

Fig. 3.4. Impact damage in skin/hat-shaped stringer with ComWAVE
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The impact-damaged area was quasi-isotropic and approximately 14 mm in diameter. The

stiffness of the impact-damaged area was calculated as the same degradation ratio as that of the

CFRP laminates case in Chapter 2. The recalculated parameters of the impact-damaged area were

shown in Table 3.2. The adhesive layers between the hat stringer and the skin were also modeled.

The modeling method of the MFC actuator is very important because it has a large effect on

the excitation of the wave. Thus, it will be discussed in detail in the next section.

Table 3.2. Density and stiffness constants of the impact-damaged area in the CFRP quasi-isotropic

skin/hat-shaped stringer structure (T800/3900-2B)

Impact-damaged area 1580 49.77 18.17 0 9.22 2.10 16.31

Density in kg/m® and stiffness constants in GPa.

3.3 MFC actuator modeling method
3.3.1 MFC

In order to properly model the propagation behaviors of the Lamb waves generated by the MFC
actuator, the mechanism of MFCs should be studied first.

The Macro Fiber Composite (MFC) actuator is a flexible actuator that consists of thin
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rectangular piezoelectric fibers sandwiched between layers of epoxy adhesive and polyimide

films with electrodes (see Fig. 3.5). MFCs will bend or distort materials to counteract or generate

vibrations under the circumstance voltage applied. It has broad band characteristics and

directional excitation of ultrasonic waves. Furthermore, MFCs have a high flexibility and

reliability with a comparatively low cost.

Polyimide film with
electrode pattern ..,.......,. 7
Epoxy resin LTI ZZTZ

Thin rectangular %I/-
PZT fibers ’ v

Developed in NASA and
commercialized in Smart Material Thickness: about 0.3 mm

Fig. 3.5. Macro Fiber Composite (MFC).

3.3.2 MFC actuator modeling method with LS-DYNA

Since MFCs generate vibrations by the piezoelectric fibers in the form of volume force, it is

reasonable to use volume force or similar vibration excitation form in the simulation to make the

MFC actuator model more reliable. Thus, we can model the generation of vibrations with LS-

DYNA through thermal expansion, which generates vibrations also in the form of volume force.
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3.3.3 MFC actuator modeling method with ComWAVE

However, if we use ComWAVE to conduct the simulation, we cannot easily model the

vibrations of MFCs because ComWAVE has no corresponding module capable of generating

vibrations in the form of volume force.

For this reason, we proposed a new method to model the MFC actuator with ComWAVE.

First, we made a cross-section observation of a real MFC and found the thickness of the PZT

layer is approximately twice that of both epoxy layers in total, as shown in Fig. 3.6. We then

constructed an MFC actuator model, which consists of a PZT layer and an epoxy layer, of equal

thickness to the real MFC, as shown in Fig. 3.7. In this figure, the MFC actuator is modeled as

the green part in the white box. The ultrasonic waves were then excited by the application of

oscillation from two rigid bodies attached on both sides of the PZT layer.

-Epoxy .- layer.g .

Fig. 3.6. Cross-section observation of MFC.
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MFC
PZT layer Epoxy layer

Vibration Vibration

Rigid bodies

Fig. 3.7. Finite element model of the MFC actuator.

3.3.4 Verification of the MFC actuator modeling method with ComWAVE

To verify the validity of the proposed new modeling method of MFC actuator, we constructed

simulation models with LS-DYNA and ComWAVE, respectively. In either case, the MFC actuator

was attached to the center of a CFRP laminate, as shown in Fig 3.8. The MFC actuators in both

cases are of the same dimension and stiffness. The difference between the two cases lies in the

ultrasonic excitation method of the MFC: the proposed rigid bodies vibration method was applied

in ComWAVE, while the thermal expansion method was applied in LS-DYNA. Both two cases
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used a three-cycle sinusoidal wave with a Hamming window at 180 kHz as the input wave. The

displacement in the direction of Lamb wave propagation (x-direction) of typical nodes from A to

G (see Fig. 3.9) was then recorded. The normalized results are shown in Fig. 3.10, and the

waveforms of each node between the two methods (ComWAVE and LS-DYNA) were in good

agreement.

ComWAVE

CFRP laminates

L

Fig. 3.8. Comparison between the two kinds of MFC modeling method.
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LS-DYNA

Fig. 3.9. Wave acquisition points with ComWAVE and LS-DYNA.
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ComWAVE

Normalized displacement

Normalized displacement

Time: ps

Fig. 3.10. Waveforms of typical nodes A ~ G between the two kinds of MFC modeling method.

More comparisons are conducted to verify this modeling method. Fig. 3.11 shows the

normalized displacement of each node at typical times. Six representative times of input

waveform during excitation period are chosen. The agreement of the results shown in Fig. 3.11

implies that our MFC actuator model with ComWAVE is appropriate to simulate the excitation of

ultrasonic waves.
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Fig. 3.11. Normalized displacement of nodes A~G at typical moments of the input waveform.

3.4 Experimental investigation

For the verification of the FEM simulation of the CFRP skin/hat-shaped stringer structure, an
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experimental measurement was then conducted. Before that, impact testing was completed in

SUBARU (see Fig. 3.12).

CFRP skin/hat-shaped-
stringer structure

Fig. 3.12. Impact testing in SUBARU.

The impact damage was generated on the back of the skin plate. Fig. 3.13 shows the detail of

the impact-damaged area.
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Fig. 3.14. Ultrasonic experimental setup in the CFRP skin/hat-shaped stringer structure.
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In the ultrasonic experimental setup (see Fig. 3.14), we used a multifunction generator (NF

WF1973) to generate an electrical signal and MFC as the actuator to convert the electrical signal
into strain. The input wave to the MFC was a three-cycle sinusoidal wave with a Hamming

window at 100 kHz or 180 kHz.

Meanwhile, a fiber Bragg grating (FBG) was used as the receiver and an oscilloscope
(YOKOGAWA DLB850E) was used to record the waveform
The FBG sensor is a type of optical fiber sensor, constructed in a short segment that reflects
particular wavelengths of light and transmits others [39]. The principle of the FBG sensor can be

explained using Fig. 3.15: when a broadband light is input into the sensor, the optical filter inside

the fiber would reflect a wave whose wavelength is Ag,

g = 2nA, (17)
1 Input light
apd . .
al (a) Schematic of Bragg grating in Transmitted light
Wavelength A 3 =
optical glass fiber 1,
1 mnsnnngd
LT e m\—
Re mmdl.gu A ekl el Ag A

Coating

Fig. 3.15. Principle of an FBG sensor.
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In Eq. (17), the grating period is A, dictating which wavelengths pass or get reflected, and n

is the core average refractive index. External factors such as heat and vibration will cause a shift

in the wavelength of the reflective light; these variations can then be translated into physical

engineering units such as amplitude, strain and temperature as all FBG sensors are based on

measuring within a selected wavelength range. Unlike conventional electrical sensors, FBG

sensors are non-conductive, electrically passive and immune to electromagnetic interference,

making them a safe and reliable alternative to MFC sensors.

3.5 Results

The received strain waves were compared between the experimental results and the simulation

results. The comparison results at 180 kHz are shown in Fig. 3.16.
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Fig. 3.16. Comparison of waveforms between simulation results and experiment results at 180

kHz with a propagation distance of 430 mm.
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The comparison results at 100 kHz is shown in Fig. 3.17.
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Fig. 3.17. Comparison of waveforms between simulation results and experiment results at 100

kHz with a propagation distance of 430 mm.
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3.6 Discussion

There are three domain modes in both cases in Fig. 3.16 and Fig. 3.17, they are the mode with

high velocity, the reflection of mode with high velocity, and the mode with low velocity,

respectively. The reflected waves are generated at the stringers on both sides (see Fig. 3.18).

Cross-section

Fig. 3.18. Reflected waves in skin/hat-shaped stringer structure.

It is found that there is a delay between the intact case and the damaged case in both

experimental results around the mode with low velocity. However, in the simulation results, it

seems that the delay is not as large as that in the experimental results. For verification, we plotted

the visualized wave propagation behavior at 100 kHz in the simulation in Fig. 3.19. This figure

shows the existence of delay, and also shows that the reflected waves generated at stringers are

strong.
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Fig. 3.19. Wave propagation behavior at 100 kHz.

Fig. 3.16 and Fig. 3.17 indicate that the simulated waveforms agree with the measured

waveforms in experiments from the viewpoint of the appearance and relative amplitude of

multiple modes in the Lamb waves at both 100 kHz and 180 kHz. The wave packets around 300

us, which is the mode with low velocity, seem to have larger differences between intact and

damaged cases than other wave packets.



Thus, we further examined the waveforms around 300 ps in both the simulation and experiment
results of 180 kHz, and found that there exists a time difference (delay) in the propagation time
at input frequencies of both 100 kHz and 180 kHz (see Fig. 3.20). We only examined the
waveforms at 100 kHz because the amplitude of the mode with low velocity in the experiment

results is very small at 180 kHz and it is difficult to find the delay clearly.
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Fig. 3.20. Close-up view of the waveforms at 100 kHz in Fig. 3.16 and Fig. 3.17 around 300 ps.
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At 100 kHz, though the time delay exists in both the simulation and experiment results, there

are some mismatches between them.

Firstly, the propagation time of the mode with low velocity is different between the experiment

and simulation. It seems that there is a problem with the value of the stiffness constants used in

the simulation. The stiffness constant of T800/3900-2B was provided by the collaborative

research partner SUBARU through a literature survey. This may differ from the actual parameters

of the skin/hat-shaped stringer structure.

Secondly, the time of delay is different between the experiment and simulation. In order to

investigate whether this mismatch is due to the wave propagation at long propagation distance,

we conducted another two simulation as shown in Fig. 3.21 and Fig. 3.22.

In Fig. 3.21, we conducted the simulation using the same simulation setup of the skin/stringer

structure with the input frequency at 100 kHz, but we measured the waveform at the propagation

distance of 360 mm, which is a shorter propagation distance than 430 mm shown in Fig. 3.2. The

magnified waveform results show that the delay exists around 250 us and it is more obvious than

that of the case with a longer propagation distance. The main reason may be the slow reduction

in the time delay with an increase in the distance from the impact damage as mentioned in

Chapter 2. When the distance between the measure point and the center of impact-damaged area

is long, part of the Lamb waves come around the impact-damaged area rather than passing through
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the impact-damaged area directly.

In Fig. 3.22, we conducted the simulation using the same simulation setup of skin/stringer

structure with input frequency at 100 kHz, but the impact damage’s location is set at 100 mm and

we measured the waveform at the propagation distance of 120 mm. The waveform results show

an obvious delay in propagation time of mode with low velocity in the damaged case, compared

with that of intact case. This delay does not seem to be as large as the delay of the experiment

results in Fig. 3.17. However, it is similar to the delay in Fig. 3.21 even these two cases have

different propagation distance.
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Fig. 3.21. (a) Simulation setup, (b) waveforms of propagated waves between damaged and intact

cases and (c) close-up view of waveforms around 250 ps.
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Fig. 3.22. (a) Simulation setup, (b) waveforms of propagated waves between damaged and intact

cases and (c) close-up view of waveforms around 90 ps.
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These results indicate that the mismatch between the simulation results and experiment results

in Fig. 3.17 is not due to the inaccurate simulation at a longer propagation distance. It may be

caused by the inaccuracy in the modeling shape of the impact-damaged region. There is a

possibility that the CFRP laminates made of T800/3900-2B may have a different microscopic

damage distribution in the impact damage with that of the CFRP laminates made of T700SC/2500,

because the T800/3900-2B has interlaminar toughened layers to prevent the progress of

delamination. Therefore, we have to investigate the impact damage in detail in T800/3900-2B in

our future research.

In this chapter, we have found two domain modes with different velocities: the mode with high

velocity and the mode with low velocity and the delay of the mode with low velocity is larger

than that of the mode with high velocity. In order to make the detection of impact damage easier,

we need to excite this mode more strongly by optimizing the configuration of SHM system.

Therefore, it is of great significance to clarify the modes responding to the impact damage. Thus,

we attempted to calculate the theoretical dispersion curves in the following chapter.
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4 Theoretical investigation of guided wave propagation in

CFRP structures

4.1 Introduction

Dispersion relation is a physical concept which describes the dispersion phenomenon in a
medium on the properties of a wave travelling within that medium. It relates the velocity of a
mode to the frequency. In Lamb waves, the propagation velocities of different modes of Lamb
waves can be calculated as a function of frequency, which is called dispersion curves. Due to the
existence of dispersion, modes of Lamb waves have two kinds of velocities: phase velocity and
group velocity.

In SHM, calculating the dispersion curves of group velocity is a good way to help
understanding the velocity of each mode at a certain frequency. For example, Fig. 4.1 shows that
the modes of waveforms at 180 kHz are identified using the dispersion curves of the group
velocities of Lamb waves propagating in a flat CFRP plate with infinite width. These waveforms
are acquired from the experiment in Fig. 2.6 (intact and damaged) and the propagation distance
is 70 mm. From this Figure, we can know that compared to the mode with high velocity, the mode
with low velocity, which is the Ay mode, has a larger difference in propagation time. This means

the Ao mode is more sensitive to the impact damage in the CFRP laminate plate case.
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Fig. 4.1. Waveforms at 180 kHz are identified using dispersion curves.

Therefore, for a deeper understanding of the ultrasonic propagation behavior in the results in
Fig. 3.16 and Fig. 3.17, we should also clarify the modes in the waves by calculating the
theoretical dispersion curves of a CFRP skin/hat-shaped stringer structure.

Fig. 4.2 shows the difference of the calculation of dispersion curves between structures with
different boundary conditions.

In Fig.4.2, the left structure is a laminates with infinite width, the middle structure is also a
laminates but with finite width, the right structure is a skin/stringer structure with periodic

boundary. Lamb waves propagate in the Z-axis direction in all three cases.
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Fig. 4.2. Calculation of dispersion curves for different structures.

In Section 2.2.1, the theoretical calculation of velocity dispersion in a flat plate with an infinite

width has been discussed. The calculation using software DISPERSE is easy because the wave

behavior can be expressed in the two-dimensional cross-section [15].

In the case of a plate with finite width, reflection from side edges cannot be neglected. Hence,

the mode behavior becomes much complex due to the transverse oscillations. Since this

calculation is three-dimensional, it cannot be completed by using DISPERSE. Therefore, to

calculate the dispersion curves in a plate with finite width, a method combining theoretical

calculation and finite element analysis was developed by Roses’ research group. This method is

known as the semi-analytical finite element (SAFE) method [40]. Furthermore, the SAFE method

cannot only calculate the dispersion curves of plates with finite width, but also deal with arbitrary

cross-sectional shapes.
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However, when the SAFE method is applied to the whole of a CFRP skin/stringer structure, the
calculation cost becomes very large. Therefore, in this chapter, we took the periodicity of the
structure into consideration and introduced periodic boundary conditions into the SAFE method
in order to calculate only one unit of such a periodic stiffened structure. We then attempted to
calculate the dispersion curves of the CFRP skin/hat-shaped stringer structure mentioned in

Chapter 3.

4.2 Modified SAFE method
4.2.1 SAFE method

The fundamental equation followed by elastic waves is derived from the principle of virtual
work. When an external force does not work, the principle of virtual work is as follows:

J, sut(piyav + [, setodv =0. (18)

Here, u is displacement, p is density, ¢ is strain, and o is stress. T means complex conjugate
and taking transpose, and dot means time differentiation. Integration is about volume.

As shown in Fig. 4.3 (a), the length in the Z-axis direction is infinite and the shape of the XY
cross-section is assumed to be uniform along the Z-axis. An elastic wave propagated in the

longitudinal direction (Z-axis direction) is considered.
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(a) (b)

Fig. 4.3. (a) Columnar object through which elastic waves propagate and (b) introduction of

periodic boundary condition.

When the elastic wave propagates in the Z-axis direction with the angular frequency w and
wave number ¢, the displacement in Eq. (18) can be expressed as:
u(x,y,z) = f(x,y)e'¢7=“0. (19)
In the Z direction, e!¢Z2~®Y) represents a wave with a certain frequency and is handled
analytically. On the other hand, in the XY cross-section, a finite element method to divide the
cross-section into meshes is used to obtain the displacement f(x,y). Let U be the vector
representing the displacement on all nodes. In the presence of displacement in all three (XYZ)
directions, Uis a 3 X Npyqe vector. Here, Njoqe is the number of nodes. If only the j-th cell is
considered, U’/ has only 12 components as shown in Fig. 4.4. The displacement of an arbitrary

point in j-th cell can be interpolated by the displacement of nodes as follows:
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Fig. 4.4. Displacement of vertices of the j-th cell.

u(x,y,z) = N(x,y)Wel6z-ot) (20)
where N(x,y) is a shape function which is a 3 x 12 matrix.
The displacement-strain relation and the stress-strain relation are then substituted into Eq. (18),
and the relational expression in the j-th cell becomes
SO [~w?MI + KJ + igK) + E2K2|00 = o. Q1)
Here, M/, K {, K é and K é are all 12 x 12 matrices represented by the shape function N(x,y)
and the stiffness matrix. They are independent of U/ and can be represented by the shape

function and the stiffness matrix, respectively.
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Furthermore, when the sum is taken for all cells, Eq. (21) becomes
SUT[—w?M + K, + ifK, + E2K3]U = 0. (22)
Here, M, K,, K, and K5 are all 3N,,54e * 3Npoqe Mmatrices.
The condition that Eq. (22) holds for arbitrary SUT is
[~w?M + K, + ifK, + £2K3]|U = 0. (23)
Eq. (23) is the fundamental equation that defines U. The nontrivial displacement vector U
exists on the condition that the determinant of Eq. (23) is zero. Therefore,
det[—w?M + K1 + i£K, + £2K3]| = 0. (24)
This is associating the angular frequency w with the wave number £, which is the velocity
dispersion curve.
Here, the group velocity representing the velocity of a wave packet including waves with

various wave numbers can be expressed as

v, = 420 (25)

4.2.2 Introduction of periodic boundary condition
The periodic boundary condition is then applied. Since the periodic structure is a continuous
structure in which the same unit structural elements are connected to each other, the dimensions

and shapes of the unit structural elements are completely identical. However, it is necessary to

83



match the movement of the left and right shared nodes when connecting them together as shown
in Fig. 4.3 (b). Furthermore, because the movements of the left and right shared nodes are matched,
the degree of freedom of the entire structure will have a reduction. Thus, M, K;, K, and K3
are no longer 3N,,oge X 3Npode Mmatrices, and the dimension of the matrices will drop.

We have also made some other modifications to SAFE method. In the calculation, we separate
all the modes according to symmetry and calculate them separately. This calculation strategy can
greatly reduce the calculation cost.

By introducing this boundary condition into the SAFE method, we modify it to be appropriate
to calculate the dispersion curves of a skin/stringer periodic structure. Thus, in this thesis, we

called it “the modified SAFE method”.

4.3 Calculation of dispersion curves in a periodic stiffened panel
structure

As the preparation for calculating dispersion curves of the skin/hat-shaped stringer structure,
we first attempted to calculate the dispersion curves of a CFRP periodic stiffened panel structure
using the modified SAFE method.

In this stiffened panel structure, the material properties of T700SC/2500 (see Table 2.1) are

used for CFRP, the laminated configuration is considered quasi-isotropic, the thickness of the
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panel and the stiffener are both 1.5 mm, and the distance between adjacent stiffeners was 107 mm.

The mesh division of the cross-section is shown in Fig. 4.5.

Stiffener Skin: Stiffener
Thickness: 1.5 mm Thickness: 1.5 mm Thickness: 1.5 mm
[45/0/-45/90],4 [45/0/-45/90], \ [45/0/-45/90],
1
1
30 mm T 107 mm ' T 30 mm !

Fig. 4.5. Cross-section of one unit of a periodic stiffened panel structure is divided into meshes.

After mesh division, the periodic boundary condition was introduced on the left and right
shared nodes. The appropriate range and increment of the angular frequency ® and wave number
& were set, the solution of Eq. (24) was sought, and then the dispersion curves were calculated.

As a result, the dispersion relation of (m, &) in asymmetric mode and symmetric mode are
obtained as shown in Fig. 4.7. As the symmetric plane is in the YZ plane instead of the XZ plane,
the definition of symmetry in a periodic stiffened panel structure is different from that in a flat
plate with infinite width. We defined the lower-order modes as shown in Fig. 4.6 in this thesis.

According to the deformation state of the lower-order modes, we define the mode sequence by
counting the number of knots on one side of the symmetric plane. For each antisymmetric mode,

they are designated Ao, A1, A,,***, and for each symmetric modes, they are designated So, S1, Sz, .
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Antisymmetric Symmetric

Knot I I Knot

Fig. 4.6. The deformation state of lower-order modes viewed from the cross-section in a periodic

stiffened panel structure.
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Fig. 4.7. Dispersion relation of (o, &) in a periodic stiffened panel structure.

Furthermore, the group velocities are calculated from the dispersion relation of (®, &) by using

Eq. (25) and the results are shown in Fig. 4.8. The frequency range is from 0 to 1000 kHz.
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Antisymmetric modes.

88



4.4 Discussion on the introduction of periodic boundary condition

In order to confirm the effect of introducing the periodic boundary condition on the dispersion
curves of the periodic structure, a comparison was made between the periodic stiffened panel
structure and the single structure of only one unit with left and right boundary conditions as the
free ends. The dispersion curves of two cases are shown in Fig. 4.9.

From Fig. 4.9, the total distribution of modes is similar between two cases because the same
stiffness parameters and the thickness of the structure are used. However, several differences were
still found around 100 kHz, 450 kHz and 750 kHz between the two cases.

Therefore, in order to accurately obtain the velocity dispersion curves in a periodic structure
such as the stiffened panel structure or skin/hat-shaped stringer structure, it is necessary to

introduce the periodic boundary condition into the SAFE calculation.
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Fig. 4.9. Comparison of calculated dispersion curves between two cases: (a) with periodic

boundary and (b) without periodic boundary condition.

4.5 Calculation of dispersion curves in a skin/hat-shaped stringer

structure
The same method was then applied to the skin/hat-shaped stringer structure. The dimensions

and material parameters of the skin/hat-shaped stringer structure are the same as those used in
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Chapter 3. That is, different from the stiffened panel, the material properties of T800/3900-2B

(see Table 3.1) were used. The mesh division of the cross-section is shown in Fig. 4.10.

Hat-stringer: Skin: Hat-stringer:
Thickness: 1.5 mm Thickness: 1.5 mm Thickness: 1.5 mm
[45/0/-45/90], [45/0/-45/90], [45/0/-45/90],
1
1
1
y ]
' I
51.5mm 107 mm : I 51.5mm

Fig. 4.10. Cross-section of one unit of the skin/hat-shaped stringer structure is divided into

meshes.

We then calculated the dispersion curves using the same method, and the results of dispersion

curves from 0 to 300 kHz are shown in Fig. 4.11 (a) (symmetric modes) and Fig. 4.11 (b)

(antisymmetric modes).
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Fig. 4.11. Calculated group velocity dispersion curves in the CFRP skin/hat-shaped stringer

structure. Quasi-isotropic lamination of T800/3900-2B. Skin thickness: 1.5 mm. Stringer

thickness: 1.5 mm. The distance between adjacent stringers: 107 mm. (a) Symmetric modes, (b)

Antisymmetric modes.
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4.6 Verification of dispersion curves in a skin/hat-shaped stringer
structure

In order to verify the calculated dispersion curves, we constructed a finite element model with
ComWAVE, in which the CFRP skin/hat-shaped stringer structure has the same dimensions of
those shown in Fig. 3.2 but the impact damage and MFC actuator is not modeled. In this model,
ultrasonic waves are excited with uniform oscillation of the entire end of the structure instead of

using an MFC as an actuator (see Fig. 4.12). The verification distance is 200 mm.

«° Excitation with
[\ ; :
7 entire end

~

Measure point K

CFRP skin/hat-shaped-stringer

Fig. 4.12. Verification model and forced uniform oscillation of the entire end.

We then generated ultrasonic Lamb waves with the input signal as a three-cycle sinusoidal

wave with a Hamming window at 100 kHz, 200 kHz and 300 kHz, respectively. Waveforms

received at the measure point underwent wavelet transformation and the results are shown in Fig.

4.13.
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Fig. 4.13. Comparison between dispersion curves and wavelet transform results of simulation

waveforms at (a) 100 kHz, (b) 200 kHz, (c) 300 kHz.

Fig. 4.13 (a) shows that the wavelet transform results agree well with the dispersion curves in

propagation time of the three primary mode group regions. The propagation time of mode group
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C, mode group B, and mode group A is respectively around 40 ps, 70 ps, and 130 us. However,
in the wavelet transform results in Fig. 4.13 (b) and Fig. 4.13 (c), more mode group regions can
be found as the velocities of modes are more dispersive at 200 kHz and 300 kHz according to the
dispersion curves. These comparison results verify that the calculated dispersion curves of the

CFRP skin/hat-shaped stringer structure are appropriate.

4.7 Discussion about mode identification

From the dispersion curves in Fig. 4.11 we found that the number of modes drastically
increased compared to that of a flat plate with infinite width shown in Fig. 2.1. In Fig. 4.11, the
group velocities of the modes are found to be concentrated in three regions. The deformation

states of the modes in the three groups are then plotted with LS-PrePost 4.2, as shown in Fig. 4.14.

Modes group A Modes group B Modes group C

Fig. 4.14. Deformation state of typical modes in the three groups.
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According to the deformation state type plotted in Fig. 4.14, we can infer that the three mode

groups are, respectively, group A with the lowest velocity of transverse waves, group B with the

middle velocity of shear-horizontal waves and group C with the highest velocity of longitudinal

waves.

We then compared the calculated dispersion curves in Fig. 4.11 with the waveforms in the

simulation at 100 kHz in Fig. 3.17. Through the calculation of propagation velocity, we found

that the wave modes with high velocity and low velocity in the FEM simulation results can be

identified as the mode group of longitudinal waves and transversal waves, respectively (see Fig.

4.15).

Furthermore, because the most sensitive mode to impact damage is the mode with low velocity

as discussed in Section 3.5, it can be inferred that the most sensitive mode to the impact damage

is the transversal mode of group A.

Theoretical dispersion curves can help us identify the modes but cannot give the information

of the specific amplitude of each mode/ mode group. The FEM simulation can provide us with

waveforms including amplitude information. Using only one method cannot help us fully

understand the propagation behavior of Lamb waves. Thus, the two methods should be combined

together.
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Fig. 4.15. Modes in the waveform are identified with dispersion curves.

4.8 Discussion about designing of the SHM system

The above discussion gives us useful information in designing the SHM system.

The configuration of the SHM system should be designed to excite the transversal mode group
A strongly to detect impact damages more reliably. Also, we can judge whether damage has
occurred or not through the presence of a delay in the transversal mode group A in the received
waveform.

Therefore, we can judge whether impact damage with the same dimensions but occurring at
different locations in the structure is detectable or not by using this judgement method. We then

can outline the detectable range of impact damage of the present system.
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To verify this, we established four models, the same as in Fig. 3.2 but with different damage

locations, by using ComWAVE. The impact damage locations are respectively named I, 11, III,

and IV and the distance between them and the schematic of them is shown in Fig. 4.16. The

centers of these impact damage areas are in a line perpendicular to the X-axis and the distance

between them is 7 mm, which is half the width of the MFC.

The waveforms of the same measure point, which is 430 mm from the MFC actuator, are then

compared between the intact case, case I, case II, case III, and case IV. Fig. 4.17 and Fig. 4.18

show a close-up view of the waveform results around 300 ps.
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CFRP skin/hat-shaped-stringer

Fig. 4.16. Schematic of different impact damage locations I, II, III, and IV.
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Fig. 4.18. Waveform comparison between the intact case and case V.

101



Fig. 4.17 shows that a delay which is about 0.2 ps exists in each comparison of the waveform

pairs of the intact case/case I, the intact case/case I, and the intact case/case III. This means that

when impact damage occurs in these locations, it can be detected. On the other hand, Fig. 4.18

shows that the delay is 0 ps in the comparison of the waveform pair of the intact case/case IV.

This means that when impact damage occurs in location IV, it cannot be detected.

According to these results, we can conclude that only the impact damage which occurs in the

area close to the line connecting actuator and sensor can be detected by using this configuration

of MFC actuator and FBG sensor, as the predicted detectable area shown in Fig. 4.16. When

impact damage occurs outside of this area, it cannot be detected by using this configuration.

Therefore, for the designing of an SHM system with a wider target area, setting several pairs

of MFC actuator and FBG sensor may increase the reliability of the SHM system.
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5 Conclusions

In this thesis, first the background information and relevant conceptions, as well as the

objective and framework, were introduced in Chapter 1.

In Chapter 2, a simplified simulation method of impact damage was constructed and the

appropriateness of it was verified through the comparison with the precise multiple delamination

model and the experimental observation.

In Chapter 3, the proposed FEM simulation method was applied to a CFRP skin/hat-shape

stringer structure and the results of the simulation agreed well with those of the experiment.

In Chapter 4, the propagation behaviors of the guided wave were investigated theoretically by

using the modified SAFE method to calculate the dispersion curves of the CFRP skin/stringer

structures to deeply understand the received waveforms. Discussion was made about the

designing of the SHM system detecting impact damage.

In Appendix Chapter A, the applicability of this FEM simulation method in a fabric CFRP

laminates was investigated.

This method is a simplified modeling method with degradation ratio without depending on the

details of the microscopic damages in the impact-damaged area. However, the damage

distribution may change as material changes. Thus, when this method is applied to other CFRP
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quasi-isotropic materials such as fabric CFRP, the hypothesis of damage shape may need some

adjustments to make this method more reliable.
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Appendix Chapter A: Investigation of guided wave

propagation in a fabric CFRP laminates

A.1 Introduction of fabric CFRP

In the previous chapters, the simplified modeling method was verified to be appropriate for a
CFRP laminate and a CFRP skin/hat-shaped stringer structure. These two kinds of structures are
both made of TORAYCA® prepreg (hereafter called prepreg CFRP), which is a sheet-shaped
material using straight carbon fiber. The fibers in prepreg CFRP are arranged in the same direction
in one single ply.

In this chapter, we attempted to explore more possibilities of this simulation method with the
application to CFRP structures made of a fabric woven with carbon fiber tow (hereafter called
fabric CFRP). The fibers in fabric CFRP are arranged in two directions perpendicular to each
other in one single ply.

Over the past decades, fabric CFRP have been widely applied to the design of automobile
components, wind turbine blades, primary aircraft structures, sports equipment and other
industrial products [41]. Compared to prepreg CFRP, the advantages of fabric CFRP include that:
it has an excellent drapability which means it is easier to be molded [42][43]. This enables the

applicability in many complex-shaped CFRP structures with curved surfaces.
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Fig. A.1 shows the difference in appearance between prepreg CFRP laminates and fabric CFRP

laminates. In order to investigate the impact damage generated in them, we conducted a cross-

sectional observation of a fabric CFRP laminate and compared it with that of a prepreg CFRP

laminate. The results are shown in Fig. A.2.

Fig. A.1. (a) Prepreg CFRP laminate and (b) fabric CFRP laminate.
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Fig. A.2. Comparison of cross-sectional observation between (a) post-impacted prepreg CFRP

laminate and (b) post-impacted fabric CFRP laminate.

Fig. A.2 shows that there are more fiber break damages and shorter delamination damages

existing in the impact-damaged area of the fabric CFRP laminate, which is largely different

from those of the prepreg CFRP laminate.
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A.2 Application of simplified modeling method in a fabric CFRP
laminates
A.2.1 Application of simplified modeling method

We attempted to apply the simplified modeling method in a fabric CFRP laminate. We prepared
a 3.695-mm-thick woven-fabric CFRP quasi-isotropic laminate plate ([0/45]4) as shown in Fig.
A.1 (b). The density and stiffness constants are listed in Table A.1. Impact damage in the form of
a 4-mm-diameter dent was generated at the center of the plate, then the size of the damaged area
was measured by a C-scan and found to be 14.4 mm in diameter.

However, because of the difference in damage distribution as shown in Fig. A.2, the
degradation rates of stiffness probably differ from those of a prepreg CFRP laminate. Thus, we
recalculated the degraded stiffness in the impact-damaged area with the same method used in
Chapter 2. The input wave was a three-cycle sinusoidal wave with a Hamming window at 150

kHz. The recalculated stiffness in the impact-damaged area is shown in Table A.2.

Table A.1. Density and stiffness constants of the fabric CFRP laminates.

p Ci1 Ci2 Ci3 C33 Cyq Coo

Quasi-isotropic 1622 54.8098  17.3549 4.11296 10.3835 4.2357 18.7275

Density in kg/m® and stiffness constants in GPa.
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Table A.2. Density and stiffness constants of the impact-damaged area of the fabric CFRP

laminates.

p Ci1 Ci2 Ci3 C33 Cyq Cos

Impact-damaged area 1622 45594 14437 0 10.3835  2.540 15.579

Density in kg/m® and stiffness constants in GPa.

In the simplified modeling method in a fabric CFRP laminate, the impact-damaged area is also
considered as a frustum shape with the dimensions determined by the dent size and the C-scan
results. The stiffness parameters in Table A.1 are used in the intact area and the stiffness

parameters in Table A.2 are used in the impact-damaged area.

A.2.2 Verification of validity

Using the same verification method discussed in Chapter 2, we attempted to verify the validity
of the simplified modeling method in a fabric CFRP laminate.

In the previous discussion, the multiple delamination model considered that each peanut-
shaped delamination between two adjacent plies faced towards the direction of fibers of the deeper
ply. According to this, since two directions of fibers are woven fabricated in one single ply in the

fabric CFRP laminate, the peanut-shaped delamination between two adjacent plies should face
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toward both directions of fibers of the deeper ply. Thus, the multiple-delamination model used to

verify the simplified modeling method is considered slightly different from that in Chapter 2.

The shape of the delamination is considered to be double peanut-shaped. The difference of

delamination used in the multiple delamination model of impact damage between prepreg CFRP

laminate and fabric CFRP laminate is shown in Fig. A.3.

Prepreg CFRP laminates

Fabric CFRP laminates & S

Fig. A.3. Delamination used in the multiple delamination model of impact damage between the

UD CFRP laminate and woven-fabric CFRP laminate

A comparison between the simplified modeling method, multiple delamination model and

experimental results was then made. The difference in propagation time between the wave in the

damaged plate and that in the intact plate at different propagation distances is plotted in Fig. A.4.
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Fig. A.4. Difference in propagation time between the wave in the damaged plate and that in the
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intact plate at different propagation distances. The plate is a fabric CFRP laminate.

Fig. A.4 shows that, although the three cases all have a stable delay in propagation time, which

is evidence of the existence of impact damage, there is a mismatch of difference in propagation

time after passing through the impact-damaged area between the three kinds of results. This is

mainly because there are more fiber breaks and shorter delamination existing in the impact-

damaged area, which is different from that of prepreg CFRP laminate, as Fig. A.2 indicates.

In specific, when impact is applied to the plate, the damage occurs firstly in the bottom side

due to the bending of the plate. In the case of CFRP laminates made of prepreg, long delamination

occurs in the bottom side and gradually absorbs the impact energy. Therefore, the delamination
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becomes shorter as approaching the top surface, and it is considered reasonable to model the

impact damage with a frustum shape.

However, in the case of a fabric CFRP laminates, since the fiber bundle of the woven fabric is

undulated, it is hard for interlaminar delamination to progress linearly. This results in the length

of all the interlaminar delaminations are short. Because of this, short delamination, cracks and

fiber breakage are generated dispersedly throughout the plate thickness to absorb the impact

energy, rather than absorbing the impact energy mainly by the bottom side.

In other words, the impact damage in a fabric CFRP laminates may not be of frustum shape,

and it is thought close to bell shape or cylindrical shape, as can be seen from the details of cross-

sectional observation in the Fig. A.5. We can also find that the damage area was similar between

the top and bottom surfaces of the laminate according to some researches [44].
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(a)

Fig. A.5. (a) Cross-sectional image of impacted fabric CFRP laminates observed by a microscope

and (b) schematic of the damages.

Therefore, assuming the impact damage as frustum shape will result in a FE model that is

smaller than the real damage, and according to the analysis results in Fig. A.4, the delay in the

simulated results are indeed smaller than that of the experiment results.

From this, it can be implied that the multiple delamination model of fabric CFRP laminates in

Fig.A.3 is not appropriate, and in the future work, it is necessary to discuss about creating models

with bell shape or cylindrical shape.
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Appendix Chapter B: Comparison between simulation results
and experiments results using the estimated stiffness constants

of T700SC/2500

In Fig. 2.18, difference in propagation time between the wave in the damaged plate and that in
the intact plate at different propagation distances were first plotted between the two modelings.
And that of experimental results was also plotted in another graph in Fig.2.18. We can’t compare
the two graphs together directly because they are of different material.

However, in order to enable the comparison between the simulation results and experimental

results, we considered a method to estimate the stiffness constants of T700SC/2500.

Table B.1. Estimation of density and stiffness constants of CFRP (T700SC/2500)

p Ci1 Ci2 Ci3 C33 Cyq Cos

19.31 5.16
Quasi-isotropic 1530 42.98 11.69 392 11.84
(T700S/2500) (T700S/2500)

Unidirectional 1530 95.362 8.764 8.764 11.69 10.691 24

Density in kg/m® and stiffness constants in GPa.
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In Table B.1, C;;, C4, are estimated by the measured velocities of intact area in the ultrasonic

experiments in Section 2.2.3.1 according to the Eq. (13); Cs33 is calculated by the measured

velocity of bulk wave of intact area in Fig. 2.10 (a) according to the Eq. (4); C;, and C;3 used

the stiffness constants of T700S/2500 and Cg¢ is calculated according Eq. (1). We also assumed

the density of T700SC/2500 is the same as that of T700S/2500. Besides, we made a C++ program

to search the unidirectional stiffness constant by scanning parameters under the assumption of

homogeneity.

The stiffness constants in the impact-damaged area were then calculated according to the same

degradation ratio or degradation method in Section 2.2.3, respectively (see Table B.2).

Table B.2. Density and stiffness constants of impact-damaged area in the simplified modeling

method (T700SC/2500)

Impact-damaged area 1530  31.67 14.22 0 11.69 2.31 8.73

Density in kg/m® and stiffness constants in GPa

We then substituted these estimated stiffness constants of T700SC/2500 into the FEM

simulation and recalculated the simplified modeling case and laminated multiple delamination
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case. The comparison between simulation results and experimental results are shown in Fig. B.1.
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Fig. B.1. Difference in propagation time between the wave in the damaged plate and that in the

intact plate at different propagation distances. Two kinds of modeling results and experimental

result are compared.

Fig. B.1 shows that, the tendency of difference in propagation time agreed among two kinds of

simulation results and the experiment result. This also indicates that our simplified modeling

method is quantitatively appropriate for modeling the impact damage in Lamb wave propagation

simulation in quasi-isotropic composite structures.
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