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Abstract

Acoustic emission (AE) testing is a major non-destructive testing method used for
integrity evaluation of structures. Amplitude distributions of AE signals are characterized
by the b-value. This value is mainly used for integrity evaluation of concrete structures.
The value is assumed to be independent of propagation distance between the AE source
and its sensor.

This study investigated the applicability of b-values to integrity evaluation of fiber-
reinforced plastics (FRPs). By analyzing real and simulated AE signals from FRPs, it was
found that the b-value is not independent of the propagation distance for these materials.
FRPs have several fracture modes and each mode generates AE with a different frequency
range. It was found that the change in b-value of FRPs is caused by the frequency
dependence of attenuation of the AE signals.

The amplitude distributions of AE signals at the AE source were estimated from signals
detected by AE sensors placed at different propagation distances. Because the amplitude
distribution at the source is independent of propagation distance, a new parameter (named
the modified b-value), calculated from this distribution, was proposed for integrity
evaluation of FRPs.
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Chapter 1 Introduction

Fiber-reinforced plastics (FRPs) are hybrid materials that contain fibers as reinforcements
and plastics as matrixes, and they are widely used in the chemical and mechanical
industries. To ensure the soundness of FRP structures, it is important to evaluate their
integrity by non-destructive testing (NDT). Acoustic emission testing (AT) is an NDT
method that is able to detect damage in mechanical structures by using acoustic emission
(AE) signals that are generated by such damage. Amplitude distributions of AE signals
are characterized by the b-value, which is used to evaluate the severity of damage [1-1]-
[1-5]. b-Value analysis is considered an ideal way to determine the integrity of real
structures. Furthermore, the analysis can be performed in real time and thus enables
monitoring of damage in real structures using AE sources. In civil engineering, the b-
value is used for evaluating damage in ground slopes and concrete structures [1-6]-[1-
12]. There are now demands to use the b-value for integrity evaluation of FRP structures.
FRPs are known to have several fracture modes: each mode generates AE comprising a
different frequency range [1-13]-[1-15]. It is known that attenuation of AE changes with
its frequency. To date, the b-value has been used mainly for structures that generate a
narrow AE frequency range, such as concrete structures [1-16]-[1-20]: changes in
attenuation by difference AE frequencies have therefore not been discussed. This thesis
discusses the effects of propagation length and frequency of AE from FRPs on the b-

value.



1.1 Acoustic emission testing and b-value analysis

The most advanced method to detect simple harmonic motion is AT. The technique is
based on the detection of dynamic surface motion caused by an elastic wave. AE signals
are generated by energy that is elastically stored by micro- and/or macro-cracks during
deformation and failure of materials. Modern AE systems are so powerful that AE signal
waveforms, which are used to analyze AE signals, can be accurately recorded in real time.
Several AE parameters, such as amplitude, threshold, and number of hits, can be derived
from the AE signal [1-21]-[1-25].

The intensity of an AE signal is represented by its amplitude: the amplitude of the peak
voltage of the signal waveform is usually assigned. Instead of a linear scale, amplitudes
are expressed on a decibel scale, where 1 puV at a sensor is defined as 0 dBae. The
amplitude is closely related to the magnitude of the AE source. Recording is triggered
once the output AE signal reaches a set threshold value based on amplitude. An AE signal
hit is defined as the number of times that the signal exceeds a defined threshold [1-21]-
[1-25].



1.1.1 Previous studies concerning the b-value

The concept of the b-value originates from the field of earthquake seismology. The
Gutenberg—Richter equation expresses the relationship between magnitude of an
earthquake (M) and the number of earthquakes larger than magnitude M as empirical
equations [1-26]:

log,, N(M)=a-bM, (1-1)

N(M)=["n(M)dM , (1-2)

where M is the magnitude of an earthquake, n(M) is the number of earthquakes with
magnitude M, N(M) is the total number of earthquakes larger than magnitude M, and a
and b are empirical constants. b is a parameter that provides the possibility of describing
the stress and materials conditions in the focal region. High b-values are an indication of
a low-stress level in a genetic seismic zone; conversely, low b-values are correlated with
high-stress conditions.

To compare AE results with those from seismology, it was reported that a multiplier of
20 should be used with the b-value obtained from AE [1-7]. An alternative method,
known as the improved b-value, Ib-value, was proposed to evaluate slope failure, as
shown in Equation (1-3):

Nw)=N(u-a,-0)= J:ia _Un(a)da :

N(,) =N(u-ay-0)=[ n(a)da, (1-3)
— Ioglo N (Wl) — IOglO N (Wz)
o= (o +ay)-o , -

where o is the standard deviation, p is the mean value of the amplitude distribution, ay is
a coefficient related to smaller amplitudes, and a is a coefficient related to the fracture
level. This method was applied to AE by modifying the Ib-value as shown in Equation
(1-4), where (u - «, - o) is the number of hits with an amplitude greater than (4 — o, - o)
and (u — o) is the number of hits with an amplitude exceeding (u + o) [1-27], [1-28]. Test
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results showed that this method successfully followed the progression of slope failures
([1-8], [1-9], [1-16], [1-19]).

Shiotani applied the Ib-value in bending tests on two reinforced concrete and two fiber-
reinforced concrete specimens. The fiber-reinforced specimens were half plain concrete
and half vinyl fiber-reinforced mortar. All specimens were 150 mm x 150 mm x 530 mm
(6 in. x 6 in. x 21 in.) in dimension and reinforced with two bars of 13 mm (0.5 in.)
diameter on the tension side. Twelve 60 kHz resonant sensors were used for data
acquisition. It was observed that as the load was increased in a stepwise manner, the range
of the Ib-value decreased. A threshold of 0.05 was used, such that 1b-values lower than
0.05 (which equals unity after applying the multiplier of 20) indicated significant damage.
Recently, Antorino et al. [1-18] proposed a method of calculating wavelet b-value using
adivided AE source and a complex mole continuous wavelet transform. Wavelet b-value,
cumulative AE energy (CAE), and cumulative dissipated energy (CDE) were applied to
AE signals from dynamic tests conducted on a reinforced-concrete slab. The steel
reinforcement bars did not yield during the tests, but a severe loss of bonding between the
bars and the surrounding concrete was detected. Accordingly, the CDE, CAE, and
wavelet b-value changed at the onset of slippage of the reinforcing bar within the

concrete.



1.1.2 One- and two-dimensional location methods

A great advantage of the AE method is that the location of the AE source can be
determined relatively easily. The location of an AE source is defined as the position where
AE signals are generated and can be estimated using AE signals detected by AE sensors
at different positions. This is the same method as that used to determine the location of
an earthquake center. In the location method, the wave velocity of the object and the
arrival time of the AE wave must be known. Consequently, because a clear rising point
of the waveform is observed in the detected burst of AE waveforms generated by micro-
cracking, it is easy to detect the arrival time of an AE wave, thereby enabling a relatively
accurate location to be determined. However, because continuous AE waveforms
associated with plastic deformations do not exhibit a clear rising point, it is difficult to
determine the arrival time of the AE wave; therefore, an accurate location cannot be
determined.

In general, it is desirable to determine the three-dimensional location of the damage
position; however, when the number of measurable channels and number of sensors are
limited or when the shapes of the object are specific, it is difficult to determine the three-
dimensional location of the damage. With a known velocity, only an arrival time interval
is needed for the order of a location to be determined; i.e., the minimum numbers of
sensors required for one-, two-, and three-dimensional locations are two, three, and four,
respectively.

Detection of a burst waveform from a one-dimensional location is now discussed.
Assuming that AE is generated between two AE sensors, the location of the AE source is
X, and the locations of the two sensors are x1 and x2, we can derive an equation for times
t1 and t2 at which the AE wave reaches the respective sensors:

Ct, =|x—x,|,Ct, =[x=X,], (1-6)

where C is the velocity of the AE wave. Furthermore, assuming that there is a difference
between the arrival times at the two sensors, we have:

CAt, = |X=X,|=[x=X,]. (1-7)



The velocity and positions of the sensors are known. From Equation (1-6), the one-
dimensional location of the AE source, X, can be determined, as shown in Figure 1.1.
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Figure 1.1 Determination of linear source location from one-dimensional data

Similarly, three sensors enable the planar or two-dimensional (x, y) location of an AE
source to be determined. Assuming that the velocity is C, the positions of the three sensors
are (x1, Y1), (X2, y2), and (xs, ys), the arrival times at the sensors are t; and tz, and the
differences between the arrival times at the sensors are Ati> and Atyz, as mentioned above,

we thus have (see Figure 1.2):

CAt, = (x=%)2 + (Y= ¥1)? = (x=%,) + (Y- ¥,) ; (L.8)

CAt, = (X=X)2 + (Y = y))? =4/ (Xx=%)2 + (Y= ¥5)? - (1.9)

These two equations have two unknown x- and y-values and can therefore be solved.
Numerical solution of non-linear equations obtained using a computer enables us to easily
determine the two-dimensional location of the AE source.

The precision of location achieved by these methods depends mainly on the resolution of

the arrival times, sensor sizes, and the sensor-to-sensor interval.
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Figure 1.2 Determination of planar source location



1.2 Fiber-reinforced plastics

1.2.1 Fracture behavior

Owing to the anisotropy of FRP materials, different failure modes can occur
simultaneously or successively before the entire structure fails. FRPs consist of two
different phases so failure can occur in either of the phases or at their interface. Failures
that could develop in FRPs include fiber breaks, matrix cracks, de-bonding, and
delamination (Figure 1.3). De-bonding is the separation of the matrix from individual
fibers, which can also lead to fiber pull-outs; delamination is the separation of fiber layers
or piles. The time at which failure appears is dependent on the strength and elasticity of
both materials and their interface. Some of these failure modes can be initiated at low
load levels and will grow under subsequent loading [1-32].

If tensile stress is applied to an FRP in the direction of the fiber, some fibers will
eventually break at their weakest point and the stress will redistribute over the matrix to
other fibers. If the ultimate tensile strength is exceeded, more fibers will break, and
eventually the whole structure will fail.

If a compressive load is applied on a unidirectional FRP in the direction of the fiber, the
strength of the FRP mainly depends on the strength of the matrix—fiber bonding [1-33].
De-bonding can occur at weak bonds at relatively low stresses. Another problem is that
matrix cracks develop where the force is transmitted into the FRP if the force is not
adequately distributed.

Critical stresses for FRPs are shear stresses. The shear strength is always lower than the
tensile strength. Most FRPs therefore have layers of fibers in different directions or even
woven fiber lay-ups. The aim is always to have fibers that can be loaded under tensile
stress. If the shear stress is parallel to the fibers, the shear strength depends on the shear
strength of the matrix and the matrix—fiber interface [1-33]. A bent bar will fail due to
shear stresses in the natural plane before it breaks by tensile failure of the outer fibers.
Owing to the sensitivity of FRPs to shear stress, bolted joints should be avoided. Loads
that are transferred from one FRP to another are diffused away from the joints by shear
stress [1-33].



Today’s knowledge of FRP materials is still inadequate for proper fatigue design [1-34]—
[1-35]. For most newly developed FRP structures, a prototype must be built and tested to
verify the design and ensure the required certifications, such as those of the International
Standards Organization (ISO), the American Society for Testing and Materials (ASTM),
or the Deutsches Institut fur Normung e.V. (German Institute for Standardization) (DIN).
The main problem with fatigue damage is that very small cracks can occur that may not
be detectable with NDT techniques, such as, for example, ultrasonic scanning. Small
flaws can merge very quickly to develop into a fast-propagating crack and thereby
adversely affect the structural health of a component. For maintenance, different failure

modes have to be detected and recognized using an appropriate NDT technique.

Matrix cracking
CT

Fiber pull-out

-

@ Fiber breakage

s

- -

- %

Figure 1.3 Fracture mode in fiber-reinforced plastics



1.2.2 Acoustic emission testing

The amplitude of AE is closely related to the magnitude of the source event. The
magnitude of the amplitude in each signal has often been analyzed in relation to the its
frequency. Features of AE signals are generally known to change with the type of fracture.
Different fracture types in FRP materials generate different AE signals that vary over a
range of frequencies and amplitudes [1-16], [1-29]. Groot et al. [1-13] and Ramirez-
Jimenez et al. [1-15] measured AE in load testing of a comprehensive series of carbon
(CFRP; 50-550 kHz) and glass (GFRP; 80-520 kHz) FRPs and classified the detected
AE signals based on their frequency spectra. Gutkin et al [1-31]. studied the frequency
distribution of AE signals recorded in several tests of various fiber stacking sequences of
CFRPs using pattern recognition techniques (matrix cracking: 0-50 kHz; de-bonding:
200-300 kHz; delamination: 50-100 kHz; fiber fracture: 400-500 kHz). These materials
exhibit a wider frequency band compared with those of Earth’s crust, rock formations,
and engineering concrete.

During the propagation of an AE signal through a solid medium from its source, it can
suffer attenuation from refraction, diffraction, and scattering. The intensity of an AE
signal decreases as propagation from the source increases. It is evident that attenuation
suffered by propagation of AE signals generated by dynamic disturbances will affect the
waveform of the AE source. In a homogeneous medium, these losses usually occur as a
certain percentage of the wave packet energy per unit length of propagation.
Theoretically, this manifests as an exponential decrease in amplitude with propagation
distance and can be expressed as [1-36]-[1-38]:

A=A-expl-a(0)-x] (1-5)

where a is the attenuation and A is the amplitude after propagation from source Ag. The
attenuation of higher frequencies is most affected by increasing propagation distance (d).
Understanding the propagation of AE signals in homogeneous, anisotropic materials and
the scattering caused by inhomogeneities is of benefit to various engineering fields.
Scattering becomes increasingly important in complex geometries where there are a
number of discontinuities between the source and sensor.
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Absorption is the process by which kinetic and acoustic energy are converted into heat
due to internal friction. The rate of absorption is greater at higher frequencies owing to
the shorter wavelengths. In contrast to geometric spreading, where the rate of attenuation
is a function of the distance from the source, amplitude reduction due to absorption occurs
at a constant rate. Absorption therefore becomes relatively more important further away
from the source.
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1.2.3 Degradation

Considering their often harsh service environments, FRPs are very sensitive to moisture,
acid rain, ultraviolet (UV) radiation, and thermal cycling owing to the presence of
unexpected elements [1-39]-[1-40]. UV radiation in the presence of atmospheric oxygen
induces chemical changes in epoxy polymer matrices, which is a very complex process.
This is sometimes referred to as a photo-oxidation process and ultimately changes the
mechanical behavior of FRP materials. Covalent bonds present in the polymer dissociate
and form free radicals when UV radiation is absorbed by chromophoric polymers. This
is followed by molecular cross-linking and chain scission [1-41]. Visually, surface
yellowing discoloration occurs as a result of UV radiation, in which light photons react
with polymer chains, leading to instability in mechanical properties. Natural UV radiation
has both short and long wavelengths; the short wavelengths have higher photon energies,
to which the polymer resin matrix is very sensitive, so there is the chance of breaking the
chemical bonds between molecular compounds [1-42]. A decrease of 15% in average
failure strain and 18% decrease in tensile modulus was observed by Shokrieh et al. for
polyester resin composites exposed to UV radiation for 100 h. It was reported that the
strength retention of a 0.13 mm (I ply) unidirectional DuPont Kevlar-49 epoxy laminate
after 1000 h UV irradiation on both surfaces was —60% [1-43]. Chevali investigated
flexural creep behavior of long-fiber-reinforced thermoplastic (LFT) composites as a
function of UV irradiation and moisture absorption. Creep values increased with
increasing UV conditioning duration, whereas, in some cases, significant changes in creep
values were observed [1-44]. Some authors have investigated the inner structure of

materials after exposure to accelerated UV radiation [1-45].
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1.3 Thesis outline

This thesis presents a b-value analysis for structural health monitoring in FRP structures.
Figure 1.4 presents a flow chart for the thesis structure.

Chapter 1: Introduction
This chapter describes the inspiration for the present work and outlines the essential
approach of evaluating FRP structural health using b-value analysis.

Chapter 2: Problems when applying b-value to FRP structures

The applicability of the b-value to integrity evaluation of FRPs is discussed. Tensile
testing of CFRP with several stacking sequences and GFRP with woven fiber were
conducted. AE signals from a center hole of plate specimens were detected by several AE
sensors positioned at different distances from the hole.

Chapter 3: Cause of changes in b-value with propagation distance
The cause of changes in the b-value with propagation distance was investigated. The b-
value was analyzed for AEs detected at different propagation distances from an AE

source.

Chapter 4: Effect of ultraviolet radiation-induced degradation of fiber-reinforced plastics
on b-value

The cause of changes in the b-value with increasing UV irradiation time was investigated.
The b-value was analyzed for AEs detected for different UV irradiation times of an AE

source.

Chapter 5: Modified b-value for integrity evaluation of fiber-reinforced plastics

This chapter proposes a new parameter, named the modified b-value. The feasibility of
using this value was evaluated. The modified b-value can be calculated from AE data
detected at different propagation distances from the AE source. The modified b-value is
the slope of the estimated amplitude distribution of AE signals at the source position.

13



Chapter 6: Conclusions

This thesis presents an analysis of using the b-value for structural health monitoring in
FRPs. b-Value distributions in FRPs were investigated by AT and parametric study.
Findings obtained from the experiments were used to propose a new b-value specifically
for structural health monitoring of FRPs. This value seems suitable for use in continuous
monitoring of FRP structures.

—[ Chapter 1: Introduction ]

b-Value analysis of Fiber reinforced plastic (FRP)

Various fracture mode : (i) Fiber fracture (ii) Fiber pull-out (iii) Matrix cracking

]
Change of frequency by fracture modes Degradation of FRP

—[ Chapter 2: Applicability ]7

1. Various stacking sequence FRP

= Various fracture modes —[ Chapter 4: UV irradiated of FRP ]—

1.  Change of b-value by fracture mode

i. UV irradiated FRPs

Q ii.  Change of fracture behavior

—[ Chapter 3: Propagation of AEs ]—
1. Change of AE proportion

iii.  Change of attenuation

. . iv.  Attenuation dependence of b-value
ii.  Frequency dependence of attenuation

ii.  Frequency dependence of b-value

~L

Chapter 5: Solution }

i. ap(w, tyy) = ag(w, tyy), A and B = sensor location (A#B)

il Modified b-value

Figure 1.4 Flow chart of thesis
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Chapter 2  Problems when applying b-value to

fiber reinforced plastics structures

2.1 Introduction

As introduced in Chapter 1, the b-value is one of the major parameters used in acoustic
emission (AE) analysis. This parameter is now widely used for integrity evaluation of
concrete structures. The concept of the b-value originates from the field of earthquake
seismology: the relationship between the magnitude of an earthquake (M) and the number
of earthquakes larger than magnitude M can be expressed as the following empirical

equations, known as the Gutenberg—Richter relations [2-1]:

log,, N(M)=a—-bM, (2-1)

N(M)=["n(M)dM , (2-2)

where M is the magnitude of an earthquake, n(M) is the number of earthquakes with
magnitude M, N(M) is the total number of earthquakes larger than magnitude M, and a
and b are empirical constants. As seen in Equation (2-1), the logarithm of N(M) is
proportional to M. The b-value is the negative gradient of this relationship and represents
the slope of the magnitude distributions. For AE analysis, the Gutenberg—Richer

relationship is modified to the following form:

dB
I N: _b¢l 2-3
05, N = a [Zoj (2-3)
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dB,. = 20Ioglo[%J ) (2-4)
0
where Ao is equal to 1 uV at the AE sensor output and A; is the peak voltage of the
measured AE signal.

Micro-cracks with small AE amplitudes yield high b-values, whereas macro-cracks with
large amplitudes produce relatively low values. Figure 2.1 explains the mechanism of
changing b-value with the scale of fracture. When the level of damage to a structure
approaches final fracture, the fracture behavior changes from micro-cracking to macro-
cracking and the b-value becomes small [2.2]-[2.6]. This is the reason why the b-value is
used for evaluation of the severity of damage to concrete structures.

5
4
5 Large scale fracture
Z3 predominat
S
32
L small
0 scale fracture predominat
35 45 55 65 75 85 95

Amplitude at source [dBag]

Figure 2.1 Definition of b-value for the modified Gutenberg—Richer relationship

This chapter discusses the applicability of the b-value to integrity evaluation of fiber-
reinforced plastic (FRP) structures. It is well known that the frequency of AE signals
generated from FRP is changed by fracture modes such as matrix cracking, fiber pull-out,
and fiber fracture [2.7]-[2.9]. The effects of AE frequency on b-value have not yet been
evaluated in detail. The purpose of this chapter is to clarify these effects using basic
tensile testing of FRPs.
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2.2 Acoustic emission monitoring during tensile testing

2.2.1 Specimens

As mentioned in Chapter 1, the frequency of AEs generated from FRPs depends on the
nature of the fracture mode, such as matrix cracking, fiber pull-out, and fiber fracture. It
is well known that the dominant fracture modes in FRPs during tensile test are affected
by their stacking sequence. Table 2.1 shows the dominant fracture modes for tensile
specimens with different stacking sequences for carbon-fiber-reinforced plastics (CFRP)
based on literature data [2.7]-[2.9].

Table 2.1 Overview of relationships between staking sequence of carbon-fiber-
reinforced plastics and dominant fracture modes (adapted from [2.7]-[2.9])

Matrix
Stacking sequence _ Fiber pull-out | Fiber breakage
Cracking
#1[90] O X X
———
#2 [80]: % O O %
#3001 O O O
=
# 4 [0/90] £ O O O
#5 Woven O O O
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To investigate AE signals from different fracture modes and their influences on the b-
value, CFRP with stacking sequences of [90]1s, [80]6, [O]s, and cross-ply [0/90]s were
prepared. CFRP plates with 250 mm length and 150 mm width were prepared. They were
pre-cured at 85 °C for 2 h, and then cured at 135 °C for 3 h under 0.7 MPa pressure.
Rectangular plate specimens were prepared from these CFRP plates for tensile testing:
their specifications, including length, width, and thickness, are shown in Table 2.2.
Considering the differences in failure stress, the widths of specimens #3 and #4 were set
to smaller than those of specimens #1 and #2. The diameter values shown in Table 2.2
are explained in Section 2.1.

Table 2.2 Specifications of carbon-fiber-reinforced plastic specimens

Units: mm
Width Length Thickness Diameter
# 1 [90]16 20 200 3.6 4
# 2 [80]16 20 200 3.6 4
#3[0]s 16 200 1.8 6
# 4 [0/90]s 16 200 1.8 6

Glass-fiber reinforced plastic (GFRP) plates of 220 mm length, 40 mm width, and 2.5
mm thickness were prepared. The plates contained woven glass fibers at an approximate
fiber content of 50%. From these, rectangular plate specimens were prepared, the
specifications of which are shown in Table 2.3. Because the failure stress was expected
to be smaller than those of the CFRP specimens, wider specimens were prepared for

GFRP.

Table 2.3 Specifications of glass-fiber-reinforced plastic specimens

Units: mm
Width Length Thickness Diameter
#5 Woven 40 250 2.5 6
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b-Value analysis must be conducted using AE signals originating from a specific location.
When damage occurs at various locations in a structure, the severity of damage differs
for the different AE sources and separate b-value analyses must be conducted for each
source. In this study, a center hole was introduced to concentrate the locations of the AE
sources. The diameters of the holes are shown in Tables 2.2 and 2.3. Figures 2.2 and 2.3
show photographs of specimens after tensile testing. It is evident that the specimens broke
from the center hole and that no damage occurred in other areas of the specimens. For
this reason, it was unnecessary to determine the AE source location prior to the b-value
analysis. Figure 2.2 also shows that the failure mechanisms changed with stacking
sequence, as given in Table 2.1.

#1[90];6

#4[0/90]

Figure 2.2 Carbon-fiber-reinforced plastic specimens after tensile testing

Figure 2.3 Glass-fiber-reinforced plastic specimens after tensile testing

Before each tensile test, 2.5-mm-thick GFRP tabs were attached to both ends of each
specimen to avoid causing any damage from the jig. Four AE sensors (Physical Acoustics;
Type: PICO) were mounted on each specimen using silicon grease and vinyl tape. Figure
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2.4 shows the sensor locations, labeled as Sensors 1 to 4. Sensors 1 to 3 and 1 to 4 were
mounted 10 mm from the center of the hole. A guard sensor was also attached to the left
of the specimen, 10 mm from the tab (see Figure 2.4). Sensors 1 to 4 were used to
investigate the influence of AE propagation distance on b-value; the guard sensor was
used to distinguish AE from noise. The cross-head speed of the tensile tester was
controlled at 0.1 mm/min. During each test, AE signals larger than 35 dBae were detected
using a digitizer (Physical Acoustics; Type: PCI-2) at a sampling rate of 10 MHz per
channel. Table 2.4 shows a summary of the monitoring conditions used for the AE testing.

§\\\\\\\\\\\§ e _oewee

@

||||||

50 100

(b)

50 150

200

(c)
Figure 2.4 Schematic illustrations of fiber-reinforced plastic specimens with a centered
hole and sensor locations. (a) [10]1s, [80]16 carbon-fiber-reinforced plastic, (b) [0]s, [90]s
carbon-fiber-reinforced plastic, and (c) woven glass-fiber-reinforced plastic specimens
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Table 2.4 Acoustic emission testing conditions

Threshold Amplifier Analog filter Sampling conditions
Sampling
Type | dBae dBae Lower Upper Pre-trigger Length
rate
Fixed 35 40 1 kHz 1 MHz 10 MHz 50 psec 1k

During AE testing, AE was detected by each sensor (including the guard sensor) when an
event (fracture, noise) occurred. After testing, the AE signals measured by each sensor
were clustered for each event. Signals detected during a period of 100 us from the first-
measured AE were considered to fall into the same cluster. After clustering, the AE signal
amplitudes in same cluster were compared to distinguish AE from noise. When the
amplitude of AE detected by Channel 1 (Ch 1; the nearest channel from the center hole)
was the largest, the signals in this cluster were used for b-value analysis, otherwise the
signals in this cluster were excluded from analysis because they may have been caused
by noise.
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2.3 b-Value analysis for various fiber-reinforced plastic

specimens and propagation distances

Table 2.5 summarizes the experimental results, including total test time, failure stress and
strain, time at which the first AE signals were detected, total number of AE hits, and
maximum AE amplitude. As shown, the failure stresses and strains of the CFRP
specimens (#1[90]s, #2[80]s, #3[0]s, and #4[0/90]s) rapidly decreased with increase in the
fiber angle. The tensile stress of the woven GFRP fiber specimen (#5) was greater than
that of the #1 and #2 CFRP specimens. All specimens generated large amplitudes of AE
(100 dBag) during the last stage of tensile testing. The total number of AE hits increased
in order: #1[90]16 < #2[80]16 < #3[0]s < #4[0/90]s = #5 woven GFRP. A partial reason
may be related to the number of fracture modes available for each of these specimen types
(see Table 2.1).

Table 2.5 Summary of experimental results

Total test Failure Failure 1% AE hit Total AE Max.

time stress strain hits Amp.

[sec.] [MPa] [%] [sec.] dBae
#1 [O]ue 522 16.7 0.35 376 137 99
# 2 [80]16 581 22.6 0.58 319 116 99
#3[0]s 594 1275 4.1 52 6394 99
# 4 [0/90]s 490 834 4 36.1 10282 99
#5 Woven 2064 234 2.7 106 12398 99

Figures 2.5 to 2.9 show the AE results for tensile testing of the #1[90]16, #2[80]16, #3[0]s,
#4[0/90]s CFRP, and #5 woven GFRP specimens, respectively, as detected by Sensor 1.
The horizontal axes of all figures represent the specimen life time, which was defined as
100% for the time of final failure. The (a) figures show AE amplitude (maximum value
of an AE waveform with a single emission, in dBag) detected during each test (marked
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by ). Change in stress is superimposed on each graph (black lines). The (b) figures show
cumulative AE hits (marked by double lines).
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Figure 2.5 Variation in stress with (a) change in amplitude and (b) cumulative hits with

life time for #1[90]s specimens under tensile test. Stress history is superimposed (black
line)
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Figure 2.6 Variation in stress with (a) change in amplitude and (b) cumulative hits with
life time for #2[80]16 Specimens under tensile test. Stress history is superimposed (black

line)
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Figure 2.7 Variation in stress with (a) change in amplitude and (b) cumulative hits with
life time for #3[0]s specimens under tensile test. Stress history is superimposed (black
line)
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Figure 2.8 Variation in stress with (a) change in amplitude and (b) cumulative hits with
life time for #4[0/90]s specimens under tensile test. Stress history is superimposed (black
line)
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Figure 2.9 Variation in stress with (a) change in amplitude and (b) cumulative hits with
life time for #5 woven GFRP specimens under tensile test. Stress history is superimposed
(black line)

AE amplitude distribution gives a unique trend corresponding to the degree of damage.
Both the amplitude (a) and cumulative hits (b) changed according to the characteristics
of the fractures. For example, micro-cracks generated a large number of hits with small
amplitude from the initial stage of a tensile test; in contrast, fiber breakages generated a
small number of hits with large AE amplitude in the final stage of the test. This behavior
Is discussed in detail in Chapter 3.
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Figures 2.10 to 2.14 show amplitude distributions of all AE signals for specimens #1 to
#5, as detected by Sensors 1 to 3 for specimens #1 to #4 and Sensors 1 to 4 for specimen
#5. The horizontal axes show AE amplitude in units of dBag; the vertical axes show the
total number of AE hits at each amplitude.

m Sensor 1 (10 mm)
@ Sensor 2 (20 mm)
Sensor 3 (30 mm)

F A
A

A }

375 425 475 525 575 625 675 725 775 85 875 925 975
Amplitude [dBag]

Figure 2.10 Amplitude distributions for #1[90]:is specimen. (AE signal propagation
distances to Sensors 1 to 3 are 10, 20, and 30 mm, respectively)

Figure 2.10 shows the amplitude distributions for the #1[90]1s specimen: only matrix
cracking occurred and all AE sources exhibited matrix cracking; the number of hits
decreased with increasing amplitude. This result resembles that of AE testing of concrete
structures. In contrast, the amplitude distributions showed several peaks at specific
amplitudes when the AE sources included various fracture modes (see Figures 2.11, 2.12,
2.13, and 2.14). This phenomenon may be caused by combinations of AE signals
originating from sources generated by different fracture modes, as discussed in detail in
Chapter 3.
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Figure 2.11 Amplitude distributions for #2[80]16 specimen. (Acoustic emission signal
propagation distances for Sensors 1 to 3 were 10, 20, and 30 mm, respectively)
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Figure 2.12 Amplitude distributions for #3[0]s specimen. (Acoustic emission signal
propagation distances for Sensors 1 to 3 were 10, 20, and 30 mm, respectively)
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Figure 2.13 Amplitude distributions for #5 woven GFRP specimen. (Acoustic emission
signal propagation distances for Sensors 1 to 4 were 15, 30, 45, and 60 mm, respectively)
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Figure 2.14 Amplitude distributions for #4 [0/90]8 specimen. (Acoustic emission signal
propagation distances for Sensors 1 to 3 were 10, 20, and 30 mm, respectively)

Figures 2.15 to 2.19 show the relationships between the logarithm of cumulative hits and
amplitude, constructed from the data in Figures 2.10 to 2.14. Experimental data were
approximated by the lines shown in the figures. The experimental data for Figures 2.17
to 2.19 were difficult to fit linearly: this behavior is discussed in detail in Chapter 3. The
AE signals in Figure 2.15 were mainly caused by matrix cracking; those in Figure 2.16
were attributed to matrix cracking and fiber pull-out; those in Figures 2.17 to 2.19 were
caused by several fracture modes, as described in Section 2.1. As shown in Figure 2.15,

the distributions of the cumulative hits changed with propagation distance, although the
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slopes of the fitted lines (b-values) barely changed (Sensor 1: 0.040; Sensor 2: 0.039;
Sensor 3: 0.038). This result indicated that the b-value was unchanged by propagation
distance when detected AE signals were caused by only matrix cracking; however, when
the AE source contained multiple fracture modes, both the amplitude distribution and
slope of the fitted line changed with propagation distance, thereby changing the b-value
(unlike the b-value of specimen #1 or that of general concrete structures). These results
demonstrated that the general b-value cannot be used for evaluation of severity of damage

of FRPs without considering the propagation distance of the AE signals.

Sensor 1 b-value = 0.040
Sensor 2 b-value = 0.039
Sensor 3 b-value = 0.038

Cumulative hits [log;o(N)]

35 45 55 65 75 85 95 105
Amp litude [d BAE]

Figure 2.15 Plots of cumulative hits as a function of acoustic emission signal amplitude
for tensile testing of #1[90]16 Specimen. b-Values determined by fitted lines are shown.
(Acoustic emission signal propagation distances for Sensors 1 to 3 were 10, 20, and 30
mm, respectively)
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Sensor 1 b-value = 0.044
Sensor 2 b-value = 0.033
Sensor 3 b-value = 0.033
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105
Amplitude [dBag]

Figure 2.16 Plots of cumulative hits as a function of acoustic emission signal amplitude
for tensile testing of #2[80]16 Specimen. b-Values determined by fitted lines are shown.
(Acoustic emission signal propagation distances for Sensors 1 to 3 were 10, 20, and 30
mm, respectively)

Sensor 1 b-value = 0.054
Sensor 2 b-value = 0.061
Sensor 3 b-value = 0.069

Cumulative hits [log;o(N)]

=

35 45 55 65 75 85 95 105
Amplitude [dBag]

Figure 2.17 Plots of cumulative hits as a function of acoustic emission signal amplitude
for tensile testing of #3[0]s specimen. b-Values determined by fitted lines are shown.
(Acoustic emission signal propagation distances for Sensors 1 to 3 were 10, 20, and 30

mm, respectively)
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Figure 2.18 Plots of cumulative hits as a function of acoustic emission signal amplitude
for tensile testing of #4[0/90]s specimen. b-Values determined by fitted lines are shown.
(Acoustic emission signal propagation distances for Sensors 1 to 3 were 10, 20, and 30
mm, respectively)

Sensor 1 p-value = 0.055
Sensor 2 p-yalue = 0.066
Sensor 3 b-value = 0.076
4 =it o Sensor 4 b-value = 0.082
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Figure 2.19 Plots of cumulative hits as a function of acoustic emission signal amplitude
for tensile testing of #5 woven GFRP specimen. b-Values determined by fitted lines are
shown. (Acoustic emission signal propagation distances for Sensors 1 to 4 were 15, 30,
45, and 60 mm, respectively)
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2.4 Conclusions

This chapter discussed the applicability of using the b-value to evaluate the severity of

damage to various FRP specimens. Tensile tests of CFRPs with several stacking

sequences and of GFRP with woven fiber were conducted. AE signals originating from a

hole in the center of the specimens were detected by several AE sensors located at

different distances from the hole. The following points summarize the main findings.

#1 [90]16 Specimen:

1.

2
3.
4

Almost all AE signals were generated by matrix cracking.

The number of AE hits decreased with increasing amplitude of AE.

The b-value was unaffected by the propagation distance of AE.

When FRP exhibits only matrix cracking, the b-value can be used for evaluation of
the severity of damage using the general method of AE analysis that is used in
assessing concrete structures.

Other specimens:

5.

AE signals were generated by several fracture modes, including matrix cracking,
fiber pull-out, and fiber breakage.

The distribution of AE amplitudes showed several peaks at specific amplitudes.
This phenomenon may be caused by mixtures of AE signals generated by different
fracture modes.

The b-value changed with AE propagation distance.

When FRP exhibits several fracture modes, the general b-value cannot be used for
evaluation of severity of damage without considering the distance of propagation
of the AE signals.
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Chapter 3 Cause of changes in b-value with

propagation distance

3.1 Introduction

Chapter 2 showed that the b-value changed with propagation distance of an acoustic
emission (AE) signal when several failure modes (such as matrix cracking, fiber pull-out,
and fiber breakage) occurred in same location in fiber-reinforced plastics (FRPs);
however, the cause of such changes was unclear. It is well known that the features of AE
signals, such as range of frequency and amplitude, change with different FRP failure
modes [3.1]-[3.6]. Groot et al. [3.3] detected AE signals generated by specific failure
modes by double cantilever beam (DCB), lap shear, and 0°, 10°, and 90° tensile tests.
They concluded that the amplitude and frequency of AE signals are changed by different
fracture modes. Ramirez-Jimenez et al. [3.4] prepared glass—polypropylene tensile test
specimens with several stacking sequences and also reported that the frequency ranges of
AE signals were changed by the fracture modes. Gutkin et al. [3.5], [3.6] also found that
the frequency distribution of AE signals recorded in several tests with various fiber
stacking sequences of carbon-fiber-reinforced plastics (CFRPS) using pattern recognition
techniques was dependent on the fracture type (matrix cracking: 0-50 kHz; fiber pull-out:
200-300 kHz; delamination: 50-100 kHz; fiber fracture: 400-500 kHz). These results
show that FRPs generate a wider frequency band of AE signals compared with those from
Earth’s crust, rock formations, and engineering concrete [3.7]-[3.15].

The amplitude of AE detected by a sensor located far from an AE source is considerably
lower than the amplitude that would have been observed near the source. This is due to

wave attenuation, i.e., the loss in energy of the wave through absorption and scattering
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[3.16], [3.17]. The amplitude of an AE signal, Ai(w, r), in a plate located at distance r
from the source can be calculated from Equation (3-1) using the attenuation factor a(w)
and amplitude at the source Ao(m). It is noted that the attenuation factor o is a function of
o: higher frequencies incur higher attenuation than lower frequencies.
Al(aor)=A () L exp[—a(w) -r]

Jr . (3.1)
This chapter reports an investigation of the frequencies of AE signals detected during
CFRP tensile tests and the frequency dependence of the b-values. The cause of changes
in the b-value is discussed using a parametric study of AE signals with various centroid
frequencies. Based on AE signals detected during tensile testing of a glass-fiber-
reinforced plastic (GFRP), the amplitudes of AE signals at different propagation distances

were simulated and the value of b estimated with changing propagation distance.
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3.2 Features of acoustic emission signals from carbon-

fiber-reinforced plastic specimens

Figure 3.1 shows the time series of b-values during tensile testing of cross-ply #4[0/90]s
CFRP specimens. The b-values were calculated from AE signals detected by Sensor 1
(10 mm from the source; blue dotted line), Sensor 2 (20 mm; black double line), and
Sensor 3 (30 mm; red line). The stress history is superimposed on this graph, shown in
the black line. The dimensions of the specimen and AE sensor locations are shown in
Figure 2.4 in Chapter 2. b-Values from all sensors fluctuated with time during the test.
As noted in Chapter 2, the b-values changed with propagation distance. Figure 3.1 shows
how the magnitudes of the differences between the three sensors changed with time.
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Figure 3.1 Changes in b-values for Sensors 1 to 3 with time during tensile testing of
#4[0/90]s specimen

Figure 3.2 shows the number of AE hits at the centroid frequency for the #4[0/90]s
specimens. Sensors 1 to 3 detected same AE origin, although their distributions differed.
AE signals ranging from 340 to 540 kHz were dominant for Sensor 1 (propagation length:
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10 mm); dominant frequencies for Sensor 3 (propagation length: 30 mm) varied from 340
to 470 kHz. Changes in dominant frequency with propagation length may change the b-
value.

Sensor 1 (10 mm)
1200 == Sensor 2 (20 mm)
————— Sensor 3 (30 mm)

0 100 200 300 400 500 600 700
Centroid frequency [kHz]

Figure 3.2 Acoustic emission hits as a function of centroid frequency for cross-ply CFRP
#4[0/90]s tensile test specimens

Figure 3.3(a), (b), and (c) show the number of AE hits detected by Sensor 1 at the centroid
frequency for the #1[90]16, #2[80]16, and #3[0]s specimens, respectively. As described in
Table 2.1 in Chapter 2, the dominant AEs in Figure 3.3(a) were caused by matrix
cracking; those in Figure 3.3(b) were caused by matrix cracking and fiber pull-out; and
those in Figure 3.3(c) by matrix cracking, fiber pull-out, and fiber breakage. Comparing
these results, the dominant frequencies for matrix cracking, fiber pull-out, and fiber
breakage were confirmed as 100-250 kHz, 350-540 kHz, and 550-660 kHz, respectively.
The dominant frequencies for each fracture mode exhibited by the cross-ply #4[0/90]s
specimens were then separated by band-pass frequency filters of 100-250 kHz, 450-550
kHz, and 550-650 kHz. Figure 3.4(a), (b), and (c) show these results; Figure 3.4(d) is
reproduced from Figure 2.18 for comparison and shows the AE data before filtering. As
shown in Figure 3.4(a) (matrix cracking) and (b) (fiber pull-out), the slopes of each line
(negative of b-value) were almost independent of distance; that of Figure 3.4(c) was little
changed when compared with that in Figure 3.4(d) (before filtering), which may be
caused by AE signals arising from a mixture of fiber pull-out and fiber breakage fracture
modes. The b-value was almost unchanged by propagation distance when the detected
AE signals were caused by certain fracture modes.
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Figure 3.3 Acoustic emission hits as a function of centroid frequency for (a) #1[90]16
(matrix cracking), (b) #2[80]1s (matrix cracking and fiber pull-out), and (c) #3[0]s (matrix

cracking, fiber pull-out, and fiber breakage) specimens
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Figure 3.4 Cumulative amplitude distributions of each frequency component according
to fracture mode. (a) 100-250 kHz (matrix cracking), (b) 350-550 kHz (fiber pull-out),
(c) 550-650 kHz (fiber breakage), and (d) total acoustic emission signal (all failure
modes)

To determine the cause of the change in b-value with propagation distance, the cumulative
amplitude distributions of each frequency component were investigated according to the
fracture mode. Figure 3.5 shows the cumulative hits by amplitude for each fracture mode
for different AE propagation distances. The cumulative number of AE hits for all AE
signals is also shown (symbol: Q).
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Figure 3.5 Cumulative amplitude distributions of each frequency component according
to fracture mode (matrix cracking: 100-250 kHz; fiber pull-out: 350-550 kHz; fiber
breakage: 550-650 kHz) for propagation distances of (a) 10 mm (Sensor 1), (b) 20 mm
(Sensor 2), and (c) 30 mm (Sensor 3)

The slope of the fitted line representing all AE sources (O) at a propagation distance of
10 mm [Figure 3.5(a)] is composed of all frequency components: 100-250 kHz (matrix
cracking); 450-550 kHz (fiber pull-out); and 550-650 kHz (fiber breakage). The negative
slope of the line (b-value) was 0.051, which differs from that of each individual frequency
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source (100-250 kHz: 0.035; 450-550 kHz: 0.058; 550-650 kHz: 0.04). Owing to the
frequency dependence of attenuation (high attenuation factor for high frequency
components), the number of high-frequency AE signals attributed to fiber breakage (550—
650 kHz) was significantly reduced for propagation distances of 20 and 30 mm [Figure
3.5(b) and (c)]; however, the slope representing the distribution of all AE sources (O) at
a propagation distance of 30 mm were primarily dominated by the 100-250 kHz (matrix
cracking) and 450-550 kHz (fiber pull-out) components. From these results, it is evident
that a change in b-value may be caused by a change in the proportion of each frequency
component after propagation that can be attributed to the frequency dependence of the
AE attenuation.

Because propagation distance affected the b-value for CFRP, we focused on a
propagation length of 10 mm to determine its failure evolution based on analysis of the
b-value. Figure 3.6 shows a time series of b-values during tensile testing originating from
all AE (black double line), those from matrix cracking only (dashed line: 100-250 kHz),
fiber pull-out only (red dotted line: 450-550 kHz), and fiber breakage alone (red solid
line: 550-650 kHz). The narrow black line with triangle symbols indicates the prevailing
stress during the test. It was apparent that matrix cracking and fiber pull-out were the
dominant fracture modes for the first 270 s, but, thereafter, fiber breakage also
contributed. When the damage to the CFRP specimens approached final fracture, the
dominant fracture behavior changed from matrix cracking and fiber pull-out to fiber
breakage; each b-value then changed significantly.
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Figure 3.6 Changes in b-values for all acoustic emission sources (50-650 kHz) and the
individual contributions from matrix cracking (100-250 kHz), fiber pull-out (350-550

kHz), and fiber breakage (550-650 kHz)
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3.3 Parametric study of b-values of acoustic emission with

multiple frequencies

A parametric study of the b-value was then conducted to clarify the cause of changes in
the b-value. AE signals with frequencies of 150, 250, and 500 kHz were assumed to be
generated at the same AE source and detected at distances of 30, 100, 300, and 500 mm
from the source. Attenuations of these three frequencies were assumed to be 0.015, 0.058,
and 0.116 Np/mm, respectively, and their cumulative hit distributions by amplitude were
set as shown in Figure 3.7, where the vertical axis is the logarithm of the cumulative
number of AE hits. The total number of AE signals for each frequency was set to 10 000.
A total number of 30 000 AE signals were then assumed to be generated in this simulation.
As shown in Figure 3.7, the b-values at the AE source position were set at 0.055, 0.081,
and 0.062 for the 150, 250, and 500 kHz frequencies, respectively.

% 5 —a—Source (150 kHz, b-value=0.066)
c -4 —=a— Source (250 kHz, b-value=0.055)
223 —=—Source (500 kHz, b-value=0.062)
z g) 2 ===Total ( b-value=0.070)
2
8 1

0

0 20 40 60 80 100 120

Amplitude [dBag]

Figure 3.7 Assumed cumulative numbers of hits for 150, 250, and 500 kHz signals from
an acoustic emission source

Figure 3.8 shows the simulation results for single and multiple AE frequencies at
propagation distances of 30, 100, 300, and 500 mm. The multiple frequencies represent
the sum of all single AE frequencies. The b-value was calculated for each distance using
the linear portion of the data and applying the least-squares method. As shown in Figure
3.8, the shapes of the distributions of single-frequency AEs did not change, but only
moved parallel to the horizontal axis, indicating that the b-value of a single-frequency

source does not change when the propagation length changes. In contrast, the shapes of
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the distributions for multiple frequencies did change with propagation distance: the b-
value decreased from 0.072 to 0.026 as the propagation length increased from 30 to 500

mm.
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Figure 3.8 Cumulative acoustic emission hits with single and multiple frequencies as a
function of amplitude at propagation distances from the source of (a) 30 mm, (b) 100 mm,
(c) 300 mm, and (d) 500 mm Figure 3.9 Cumulative acoustic emission hits of single and
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multiple frequencies at 500 mm from the source, superimposed with the number of

acoustic emission signals at the source
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3.4 Change in b-values of woven glass-fiber-reinforced

plastic specimens

AE detected during tensile tests of woven GFRP specimens were also analyzed in detail.
The specimen, experimental setup, and tensile testing method were explained in Chapter
2.

Detected AE signals were divided pointwise into series of 1000 units and the time series
of the b-value was calculated. The results for the three sensors are shown in Figure 3.10,
as well as the applied stress. It is evident that the b-values differed for different
propagation distances from the AE source. The b-values fluctuated during the test, but

fell rapidly just before catastrophic failure occurred.
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Figure 3.10 Time dependence of the b-value for various propagation lengths with
variation in tensile stress

Figure 3.11 shows the distributions of the centroid frequency for different propagation
lengths. The centroid frequency was calculated using Visual AE-Suite software (Vallen
Systeme, Germany), which employs the fast Fourier transform method. The centroid
frequency is an important parameter for characterizing the frequency dependence of the
attenuation. The AE frequency ranges detected by Sensors 1 (15 mm), 2 (30 mm), and 3
(45 mm) were 75-525 kHz, 90-490 kHz, and 90-480 kHz, respectively. The frequency
range of detected AE signals widened as the testing time increased and a wide range of
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AE frequencies were detected before final failure. This result showed that the number of
fracture modes that occurred in the specimen increased with test time.
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Figure 3.11 Distribution of centroid frequency with test time at propagation lengths of (a)
15 mm (Sensor 1), (b) 30 mm (Sensor 2), and (c) 45 mm (Sensor 3) from the source for
glass-fiber-reinforced plastic specimen

Figure 3.12 shows the distribution of number of AE signals by centroid frequency for the
three sensors placed at different propagation distances d from the source. The center
frequencies were 440 kHz for d = 15 mm (Sensor 1), 380 kHz for d = 30 mm (Sensor 2),
and 320 kHz and 390 kHz for d = 45 mm (Sensor 3). As shown in Figure 3.12, the peaks
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of the distributions shifted with propagation length, which may be caused by the
frequency dependence of attenuation.
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Figure 3.12 Frequency distributions of Sensors 1, 2, and 3 at final fracture (sum of
frequencies emitted from all acoustic sources)

To investigate these changes in the b-value for AE in GFRP, a parametric study was then
performed. Figure 3.13(a) presents an enlarged view of the blue line of Figure 3.10,
showing the calculated b-values from experimental data as recorded by Sensor 3 (d = 45
mm). These signals were used as the AE source in the parametric study. The total number
of source emissions was 8558. These exhibited various amplitudes (40-100 dBag),
centroid frequencies, and times of occurrence. The number of AE signals at the source,
presented by centroid frequency, is shown in Fig. 3.13(b), which is same as Sensor 3 data
of Figure 3.12. In the simulation, the source AEs were divided into three groups as shown:
Sources A, B, and C were AE signals in the frequency ranges of 50-320 kHz, 320-380
kHz, and 380-480 kHz, respectively, and with average frequencies of 185 kHz, 350 kHz,
and 430 kHz, and numbers of source emissions of 2651, 3041, and 2866, respectively.

To estimate the AE attenuation factor, all signals of 70 dBae (3500 uV) and above were
extracted from the 8558 data points. From the remaining data, AE signals with 237 kHz,
309 kHz, 349 kHz, and 402 kHz centroid frequencies at Sensor 1 (d = 15 mm) were
extracted as representative data. Changes in amplitude of these representative AE signals
with propagation distance are shown in Figure 3.14: the amplitudes of all signals
decreased with increasing propagation distance; moreover, higher-frequency AE signals
incurred higher attenuation than those of lower frequency. From these data and using
Equation (3-1), the attenuation factors o were determined as 0.005, 0.009, 0.012, 0.018,
and 0.030 Np/mm for centroid frequencies of 237, 309, 348, 402 and 469 kHz,
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respectively. The results are plotted in Figure 3.15(a), where the vertical axis represents
the attenuation factor a. o increased with increasing centroid frequency. An empirical
formula to estimate the attenuation factor from centroid frequency was determined from
these data, as shown in Figure 3.14.
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Figure 3.13 Acoustic emission source used for parametric study of glass-fiber-reinforced
plastic specimen. (a) b-Values of acoustic emission detected by Sensor 3 and (b) number

of acoustic emissions presented by centroid frequency and definition of sources
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Figure 3.14 Dependence of acoustic emission amplitude on sensor location for centroid
frequencies between 237 and 469 kHz
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Figure 3.15(b) shows an example of results from the calculation of AE amplitude. AE
signals with 185, 350, 430, and 322 kHz centroid frequencies and a minimum amplitude
of 100 dBae were assumed, based on the data of Figure 3.13. The frequency of 322 kHz
is the average of the first three of these frequency values. By using the empirical equation
presented in Figure 3.15(a), the change in AE amplitude with propagation distance could
be calculated for any AE with arbitrary amplitude and centroid frequency at the source.
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Figure 3.15 (a) Frequency dependence of attenuation and (b) cumulative acoustic

emission amplitudes as a function of propagation length for multiple-frequency source

Using the empirical equation shown in Figure 3.15(a) and assuming the AE source shown
in Figure 3.13, a parametric study for b-value was conducted. In the simulation, the
threshold value to detect AEs was set as 30 dBae. The b-value was first simulated under
the condition that the centroid frequency of all AE was constant (i.e., a single-frequency
source) with a value of 322 kHz. The b-value was then calculated using the real AE data
shown in Figure 3.13 as an AE source. As explained above, the total number of AE
sources was 8558, which exhibited various amplitudes (40-100 dBag), centroid

frequencies, and occurrence times (i.e., multiple frequencies).
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Figure 3.16 shows the cumulative number of AE hits from 0 to 2760 s by amplitude for
the single- and multiple-frequency sources. A parametric study was conducted using these
data for propagation distances of 85 and 125 mm. The numbers of hits detected at these
locations are shown. All AE signals (2110 events) were detected at both locations for the
single-frequency source, but fewer signals were detected for the multiple-frequency
source. The b-values were determined for each simulation condition by linearly fitting
the simulated data: the values obtained showed that the b-value was unchanged for the
single-frequency simulation, but did change for the multiple-frequency simulation.
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(a) (b)
Figure 3.16 Amplitude frequency distributions of acoustic emission signals emitted up to
2760 s of testing time with (a) single and (b) multiple frequencies. The distributions at

the sources were also delayed at propagation lengths of 85 mm and 125 mm

Figure 3.17 shows the final simulation results for single and multiple frequencies for the
different propagation lengths. The total numbers of detected AE signals at each position
are shown. The b-value was calculated for each point (2300-2780 s/1000 points) using
the least-squares method. As shown, the b-value of the single-frequency source did not
change with propagation length; in contrast, a change occurred for the multiple-frequency
source. The b-values for both propagation conditions fluctuated over some range during
testing, although the average b-value for the specimen with a propagation length of 125
mm was lower than that of the source. From these results, it was evident that a change in
b-value may be caused by a change in the frequency dependence of the attenuation after
propagation and a change in the total number of signals used for the b-value calculation.
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Figure 3.17 Simulated b-values for (a) single- and (b) multiple-frequency acoustic
emission sources for different propagation distances
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3.5 Conclusion

This chapter investigated the cause of changes in b-value with propagation distance. The
b-value was analyzed for signals detected at different propagation distances from the AE
source. The following points summarize the findings of this chapter.

1.  AE signals detected for #1[90]1s, #2[80]16, #3[0]s, and cross-ply #4[0/90]s CFRP
tensile specimens were analyzed. The dominant fracture modes (matrix cracking,
fiber pull-out, and fiber breakage) changed with CFRP stacking sequence and the
AE centroid frequency changed with fracture mode. The AE signals attributed to
each fracture mode were separated using frequency filters of 100-250 kHz (matrix
cracking), 450-550 kHz (fiber pull-out), and 550-650 kHz (fiber reakage). The b-
values were calculated for the extracted AE signals with these single-frequency
modes (AE within a limited frequency band) and determined to be almost constant
with propagation distance; in contrast, when the AE source contained several
fracture modes, the b-value changed with propagation distance.

2.  Toinvestigate the cause of this change in b-value, a parametric study was conducted.
AE signals with several centroid frequencies and attenuation factors were assumed.
When the AE source contained a single frequency, the distribution of AE number
by amplitude simply moved parallel to the horizontal axis with propagation
distance: in this case, the b-value did not change with propagation distance. The
shape of the distribution for multiple AE signals (the sum of emissions with a single
frequency) did, however, change. This was caused by a change in the proportion of
each frequency component after propagation due to the frequency dependence of
attenuation. For this reason, the b-value changed with propagation distance when

the detected AE signals contained a wide band of centroid frequencies.

3. To more accurately conduct the parametric study, AE signals detected in a GFRP
specimen were used as the AE source for the simulation. The attenuation factor was

determined from experimental data and the threshold amplitude at which AE was
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detected was also taken into account. Simulation results showed that changes in the
b-value may be caused by changes in the contribution of each frequency component
as a function of propagation distance.
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Chapter 4 Effect of ultraviolet irradiation
Induced degradation of fiber reinforced

plastics on b-value

4.1 Degradation of fiber-reinforced plastics

Chapter 3 discussed the cause of a changing b-value with propagation distance from an
acoustic emission (AE) source over a wide frequency range of emissions. The change in
b-value was mainly attributed to the frequency dependence of AE attenuation.

AE testing is used for condition monitoring of machines, structures, and vessels that are
sometimes installed in the open, without the protection of a building. In such cases, AE
monitoring continues over a long period and the tested materials become degraded. One
of the major causes of degradation of fiber-reinforced plastic (FRP) is ultraviolet (UV)
radiation, also known as photodegradation [4-1], [4-2]. Photodegradation mainly changes
physical, mechanical, and chemical properties of FRPs. This chapter discusses AE signals

that are generated by damage in degraded FRP and the resulting effect on the b-value.
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4.2 Effect of ultraviolet radiation

Tensile tests of glass-reinforced-fiber plastic (GFRP) plate specimens (22 mm x 200 mm
x 2 mm) with a center hole (2 mm in diameter) were conducted. GFRP tabs, 2 mm in
thickness, were attached to the specimens at both ends to avoid causing any damage by
the test jig. Three AE sensors (Physical Acoustics, Type: PICO) were mounted on the
specimen at different distances from the hole (identified as Sensors 1, 2, and 3 in Figure
4.1). The cross-head speed of the tensile tester was controlled at 0.1 mm/min. Owing to
this concentration of stress, the specimens broke near the center hole. The testing
conditions for AE monitoring are shown in Table 4.1. AE signals greater than 35 dBae
were detected. The front and back surfaces of the specimens used for the tensile test were
irradiated by UV light for 0 to 300 h in a chamber from which all outside light was
excluded. The UV strength was 1820 pW/cm? and the maximum spectrum output was
365 nm.

. E . 5
Guard sensor . o - Sensor3 {mm)

Figure 4.1 Schematic illustration of fiber-reinforced plastic specimen with a center hole
and showing location of sensors

Table 4.1 Acoustic emission testing conditions

Threshold Amplifier Analog filter Sampling conditions
Sampling Pre-
Type | dBae dBae Lower | Upper _ Length
rate trigger
Fixed | 35 40 1kHz | 1MHz | 10 MHz | 50 [ sec 1k
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Following a tensile test, the AE signals measured by each sensor were clustered for each
event: signals detected within 100 ps from the first-measured signals were considered to
originate from the same cluster.

Table 4.2 shows optical images of UV-aged specimens after exposure of 0, 100, 200, and
300 h to UV radiation. Yellowing of the specimen was clearly seen after 200 h and

increased with increasing UV radiation time.

Table 4.2 Optical images of woven glass-fiber-reinforced specimens with center

hole after different durations of ultraviolet radiation

UV radiation time Oh 100 h 200 h 300 h
Woven GFRP . . . B
=
I -

Table 4.3 compares the mechanical properties of virgin (UV irradiation: 0 h) and UV-
degraded specimens. Fracture stress significantly changed after irradiation for 100 h;
fracture strain gradually changed with increasing irradiation time. Table 4.4 summarizes
the AE test results for each specimen. The maximum AE amplitude was 99 dBae and the

total number of AE hits was almost the same.

Table 4.3 Effect of mechanical properties on exposure to ultraviolet radiation

Irradiation time Fracture stress Fracture stress
[Hour] [MPa] [%0]
#6-0UV 0 279 2
#6-100UV 100 211 2.1
#6-200UV 200 182 2.3
#6-300UV 300 174 2.4
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Table 4.4 Summary of acoustic emission test results

Total test time 18' AE hit Total AE hits | Max. Amp
[sec.] [sec.] dBae
#6-0UV 1751 166 13158 99
#6-100UV 1779 145 13158 99
#6-200UV 1301 74 13263 99
#6-300UV 1410 111 13375 99

Figure 4.2 shows photographs of fractured specimens irradiated for 0 h and 300 h. Matrix
cracking was dominant fracture mode for the specimen without irradiation (0 h); both

matrix cracking (indicated by the circle) and pull-out (square) were observed in the

specimen irradiated for 300 h.

Imm

UV irradiated surface

A

Center hole

Fracture surface

(©)

Figure 4.2 Photographs of fractured specimens subjected to ultraviolet radiation for (a) O

h and (b) 300 h. Image (c) presents a description of the photograph locations
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Figure 4.3 shows the AE signals detected during tensile testing of the #6-0UV, #6-100UV,
#6-200UV, and #6-300UV specimens, where the horizontal axes are the specimen life
time, defined as 100% at the time of final failure; the vertical axes show the AE amplitude
(maximum value of an AE waveform with a single emission, measured in dBag, and
marked by *). The corresponding changes in stress are shown by the black lines. It is
evident that the amplitude distributions prior to 25% of the total life time were
significantly changed by irradiation time.

105 300

x

Stress [MPa]

Amplitude [dB]

@ 95 250 '@
i3 200 &
2 75 150 =
o 65 < =
EZ 55 < 100 4
< 5 . 5 20
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0 25 50 75 100
Life time [%)]
(a)
105 : 250
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< 45 50
35 0
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Figure 4.3 Effect on change of amplitude with life time of specimens irradiated with
ultraviolet light for (a) 0 h, (b) 100 h, (c) 200 h, and (d) 300 h. Stress history is shown by

the black line
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Figure 4.4 shows the b-values calculated using AE signals detected by Sensor 1 for these
specimens. The b-value of the virgin specimen at 75-90% life time is clearly
distinguished from those of the degraded specimens. A decrease in b-value means an
increase in macro-crack occurrence. In this period of the life time, numerous macro-
cracks occurred in the degraded specimens compared with the virgin specimen.

In this thesis, the effect of degradation of the materials on changes in the b-value (i.e.,
changes in characteristics of AE propagation induced by degradation) is the target of
discussion. The b-values in Figure 4.4 were affected by both the changing failure
mechanism itself and changing characteristics of AE propagation: these two effects are

separated for the purposes of discussion.

=——=UWVO0h (Sensor 1: 10 mm)

. . o 3 ===UV100h (Sensor 1: 10 mm)

01 e A UV200h (Sensor 1: 10 mm)
‘ i UV300h (Sensor 1: 10 mm )

0 15 30 45 60 75 90 105
Life Time [%]
Figure 4.4 Logarithm of cumulative amplitude distributions corresponding to increasing
ultraviolet irradiation time, as measured by sensors located at different propagation

distances from the source

Figure 4.5 shows the centroid frequency distributions for specimens #6-0UV to #6-
300UV detected by Sensors 1 (d: 10 mm) and 2 (d: 20 mm), where the horizontal axes
show the frequency centroid in kHz and the vertical axes show the number of hits at each
frequency. The black and red lines indicated the number of AE hits detected by Sensors 1
and 2, respectively. The distributions of centroid frequency change with propagation
distance due to the frequency dependence of AE attenuation. The AE signal at the source

contained a wide range of frequency components [Figure 4.6(a)], but the higher-
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frequency components decreased readily with propagation distance [Figure 4.6(b)];
therefore, signals in the higher-frequency region decreased more rapidly than those in
lower-frequency regions. As a result, the centroid frequency changed with propagation
distance [Figure 4.6(c)]. Figure 4.5(d) shows the distribution of centroid frequencies for
the specimen irradiated for the longest time (300 h): the number of AE signals with a

centroid frequency of 150-200 kHz was larger than that of the other specimens.

6000 Sensor 1 (0 hour, 10 mm) 4500 Sensor 1 (100 hour, 10 mm)
== Sensor 2 (0 hour, 20 mm) 4000 === Sensor 2 (100 hour, 20 mpm)
5000
3500
4000 3000
= 2500
& 3000 o
= = 200
2000 1500
1000
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500 2\
0 0
0 200 400 600 0 200 400 600
Centroid frequency [kHz] Centroid frequency [kHZ]
(@) (b)
4500 Sensor 1 (200 hour, 10 mm) 6000 Sensor 1 (300 hour, 10 mm)

===3Sensor 2 (300 hour, 20 mm)
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Figure 4.5 Frequency centroid distributions as a function of the number of acoustic

1500

1000

500

0

emission hits recorded by Sensors 1 and 2 (propagation distances of 10 mm and 20 mm,
respectively) during tensile testing of specimens (a) #6-UV 0, (b) #6-UV 100, (c) #6-UV
200, and (d) #6-UV300
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Figure 4.6 (a) Acoustic emission signals, (b) their frequency components, and (c) centroid
frequency distributions at propagation distances of 10 mm and 30 mm for 0 h ultraviolet

irradiation time

Figure 4.7 shows the b-values measured for tensile tests in which the sensor locations
were 10 mm to 30 mm from the center hole (AE source positions). The b-values
increased with increasing propagation distance, with the exception of the data shown in
Figure 4.7(d) at 20-50% life time. The extent of differences between the three curves
in each figure changed with irradiation time, showing that degradation of materials by
UV irradiation causes as change in wave-propagation characteristics, which may affect
the b-value.
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Figure 4.7 b-Value distributions of specimens subjected to ultraviolet radiation for (a) 0
h, (b) 100 h, (c) 200 h, and (d) 300 h at propagation distances of 10, 20, and 30 mm

Considering that the attenuation factor of woven GFRP was changed by UV irradiation,
the sensors received more attenuated AE from the UV-irradiated specimens: a small
number of AE signals was received by Sensor 3 for the 300 h irradiated specimen; as a
result, b-values for Sensor 3 at 20-50% life time were low [Figure 4.7(d)].

Figure 4.8 shows the results of an investigation of the reason for changes in the AE
attenuation distribution with different UV irradiation times, i.e., the attenuation factor
was estimated using Equation (3-1). These results showed that the attenuation of

specimens irradiated for less than 200 h decreased compared with that of virgin
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specimens, but increased in the specimens irradiated for 300 h. Generally, the initial effect
of UV irradiation effect is to decrease attenuation because of UV surface hardening: as
UV irradiation time increases, various defects occur on the surface and the attenuation
increases [4-3]. The change in the frequency dependence of the attenuation is discussed
in Chapter 5.

0.06
a UV-0h (y = 3E-05x + 0.0307)

0055 —UV-100h (y = 4E-05x + 0.0205)
UV-200h (y = 5E-05x + 0.0196)

= . xUV- h (y -05x . 3)
E‘”
200 =
04 .
— — " -

. 3 - M

.03

600

Centroid frequency [kHz]

Figure 4.8 Frequency dependence of attenuation with increasing duration of ultraviolet
irradiation

Figure 4.9 shows the relationship between phase velocity and frequency of AE when
assuming velocities of the longitudinal and shear waves of 3150 and 1727 m/s,
respectively[4-4]. The velocities of most AE signals detected in this study were less than
2000 m/s, indicating that most detected AE seemed propagate in Ao mode. When AE
propagates in Ao mode, the phase velocity is almost constant in the main frequency band
detected (100-600 kHz). As a result, the effect of the dispersion nature of Lamb waves
on the modified b-value is low. In contrast, the wavelengths of detected AE in this study
were larger than the specimen plate thickness, so AE signals propagated through the full
thickness of the plate. AE propagation was therefore affected by both the UV degradation
area near the specimen surface and by the undamaged area at the center of the specimen.
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Figure 4.9 Relationship between phase velocity and frequency of acoustic emission (P-
wave: 3.150 mm/us; S-wave: 1.727 mm/us: t = 2.5 mm [4-4])
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4.3 Parametric study of b-value with degraded attenuation

To clarify the effects of UV irradiation without surface damage, a parametric study was
conducted. AE detected during tensile testing of UV-degraded GFRP specimens were
analyzed in detail. The woven GFRP AE source, simulation set-up, and tensile test
method are explained in Chapter 3.

Table 4.5 shows an example of results of attenuation with different UV irradiation times,
calculated using data from Figure 4.7. The time ranges used for the degraded AE signals
were 1651-1751 s, 1679-1779 s, and 1109-1309 s for specimens irradiated for 0 h, 100
h, and 200 h, respectively. The attenuation of each AE signal was calculated using
Equation (3-1). These data show that high UV irradiation times induced lower attenuation
of AE signals because the UV-affected GFRP became brittle with surface cracks [4-1].

Table 4.5 Attenuation parameters

Centroid frequency
uv
irradiation [kHz]
time Source A Source B Source C
(180) (350) (430)
[Hour] [Np/mm] [Np/mm] [Np/mm]
UV-0h 0 0.0397 0.0482 0.0532
UV-100h 100 0.0277 0.0205 0.0385
UV-200h 200 0.0286 0.0371 0.0421

Figure 4.10 shows the frequency dependency of the attenuation parameters used for
additional simulations. The range for attenuation in the specimen in the absence of UV
radiation (specimen labelled UV-0h) was considered to be valid within £10% of the
measured value. The slope of the frequency dependence of attenuation remained the
same. Attenuation differences of +10% changed the base of the 250 kHz UV-0Oh
attenuation and were designed to compare the effects of attenuation distribution for the
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same propagation distance. Table 4.6 summarizes the attenuation values used in the

simulation.
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Figure 4.10 Valid range of attenuation of acoustic emission signals in the UV-0h

specimen, showing a range of £10% of the measured value, as used in simulations

Table 4.6 Attenuation parameters with + 10% range

Centroid frequency
[kHz]
Source A (180) Source B (350) Source C (430)
UV-100h + 10% 0.0308 0.0376 0.0408
UV-100h 0.0277 0.0345 0.0377
UV-100h - 10% 0.0247 0.0315 0.0347

Figure 4.11 shows the simulated amplitude distributions using the #5 woven GFRP AE
source at 45 mm propagation distance, where attenuation was limited to that caused by
UV irradiation only. Only a single propagation distance was used (45 mm), so all AE
sources were affected by only one attenuation parameter. The vertical axis shows the total
AE at each amplitude; in Figure 4.10(a), the red, black, and blue lines represent the
number of AE hits degraded by UV irradiation exposure for 0 h, 100 h, and 200 h,
respectively. Figure 4.10(b) shows the analogous data with the +10% attenuation range.
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When the acoustic signal was propagated with different frequency-dependent attenuation
ratios, the amplitude distribution changed at the same propagation distance; however,
when the attenuation parameter increased without a change in the frequency-dependent
attenuation ratio, the amplitude distribution was unchanged. The total number of AE hits
also changed with change in the frequency-dependent attenuation ratio for a given
propagation distance. This result is similar to that observed for the amplitude distributions

of multiple frequencies with increasing propagation distance.
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Figure 4.11 Distribution of acoustic emission hits attributed to (a) attenuation by
ultraviolet radiation and (b) £10% of the attention for the non-irradiated sample

Figure 4.12 shows the amplitude frequency distributions generated by the parametric
study with the attenuation parameter and its +10% values as a function of UV irradiation
time at a propagation distance of 45 mm. Figure 4.10(a) shows that the b-value changed
with the frequency dependence of the attenuation ratio at a given propagation distance,

but did not change for same frequency dependence of attenuation ratio. This result
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resembles that of the AE testing of the carbon-fiber-reinforced (CFRP) specimens
#2[80]16 to #4[0/90]s and the #5 woven specimen, although the change was smaller;
however, compared with the results for the #5 woven single-frequency experiment, which
did not change with propagation distance, a clear change was found in the parametric
study.
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Figure 4.12 Plots of cumulative acoustic emission events as a function of amplitude and

b-values for different attenuation factors using (a) multiple and (b) single slopes
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4.4 Conclusions

This chapter investigated the cause of the b-value changing with increasing UV
irradiation time. The b-value was analyzed for AE signals detected under conditions of
different UV irradiation times from an AE source. The following summarize the

conclusions of this chapter.

1.  Tensile properties and AE parameters were analyzed using FRP specimens
irradiated for 0, 100, 200, and 300 h with UV radiation. Yellowing occurred during
the UV irradiation tests. Fracture stress and fracture strain decreased with increasing
UV irradiation time. The amplitudes of the AE signals correspondingly changed,

causing a change in the b-value.

2. To investigate the cause of the change in b-value with UV irradiation, the centroid
frequency distribution of AE hits was calculated for increasing UV irradiation times.
A single AE signal contains a wide band of frequencies, which varies with the
frequency dependence of the attenuation: as a result, the centroid frequency
changed with propagation distance of the AE signal from the source. When
comparing the results for UV irradiation times of 100 h and 30 h, the centroid
frequency changed with 10 mm propagation distance from Sensor 1 to Sensor 2.
These results were clarified by analyzing the attenuation distribution using
Equation (3-1). The frequency dependence of the attenuation distribution changed

as the UV irradiation time increased.

3. Asimulation was performed out to investigate the effect of change of frequency
dependency of attenuation. AEs detected in a GFRP specimen were used as the AE
source. Additional artificial attenuation was introduced based on the attenuation
of a virgin specimen and the UV-induced attenuation factor was experimentally
determined. This value was varied within £10%. The b-value changed with the
change in frequency dependence of attenuation for a given propagation distance,

but did not change for the same frequency dependence of attenuation.
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Chapter 5 Use of a modified b-value for integrity

evaluation of fiber-reinforced plastics

5.1 Introduction

The amplitude of an acoustic emission (AE) source is associated with the magnitude of
fracture of its structure, so the b-value (defined as the slope of the amplitude frequency
distribution) is known as an effective index related to the state of fracture [5-1]; however,
this work has shown that the general b-value is not applicable to fiber-reinforced plastic
(FRP) structures, for reasons explained in Chapters 3 and 4. AE signals from FRPs are
generated by several fracture modes, including matrix cracking, fiber pull-out, and fiber
breakage. Each fracture mode generates different and wide frequency bands. This
behavior differs from that of concrete structures used in the field of civil engineering.
When AE sources contain several fracture modes (different and wide frequency bands),
the b-value changes with propagation distance. Furthermore, when FRPs are exposed to
ultraviolet (UV) irradiation, the attenuation is also changed by UV degradation and the

b-value is correspondingly affected. These problems can be described by Equation (3-1).

Changing a(w) t0 a(wt,,) inEquation (3-1) allows the derivation of Equation (5-1):

Alw,r) = A (o) % . exp{— a(a),tuv ) r }, (5-1)
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where  A(w,r) is the amplitude that propagates depending on the frequency and

a(a),tuv ) is the amplitude attenuation that depends on frequency and UV irradiation time.

Here, A(w,r)is the amplitude of an AE signal at a propagation distance r and frequency
w, Ao is the amplitude at the source position, and a is the attenuation ratio, which depends
on both the frequency w and UV irradiation time, t . When a is constant with « and
t,, » the b-value does not change with propagation distance of the AE signal or UV
irradiation time; however, the results from Chapters 3 and 4 show that a does change with
bothwand t,, forthe materials considered, thereby affecting the b-value. In this chapter,

the proposed use of a modified b-value that is not affected by changes in a is discussed.
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5.2  Amplitude distribution at acoustic emission source

In general, decay of the amplitude of AE signals with propagation distance r can be
expressed by Equation (5-2), based on Equation (5-1), when considering the relative
sensitivity of each sensor s, (w) [ X = A (Sensor 1); B (Sensor 2); C (Sensor 3)]:

Ax{o,tyy T} =Sy (@) - Ay (0) '%‘QXP{_% [@,tyy ] T }, (5-2)

r|X

Known value: A (.t

UV’riX)'riX’

Unknown value: A (@), a(ot,,): S (o)-

Here, Aix is the amplitude of the AE signal from the i" AE source at sensor X; Aio is the
amplitude of the AE signal at the source position that is excited at the i AE source;
a(w,t,,) is the attenuation factor; rix is the propagation distance from the source to
sensor X for i™ AE source. The value of rix can be accurately determined using the source
location method (explained in Chapter 1). From Equation (5-2), it is evident that the
amplitude of AE signals at the source position Aio is not affected by «(«,t,,). A method
of estimating Aio from Aix and rix is discussed, using the example of AE signals detected
in the #5 woven glass-fiber-reinforced plastic (GFRP) specimen by Sensors 1 to 3.

When considering attenuation of an AE signal from a single AE source, the following

equations can be derived from Equation (5-2):

& (@85 ) Tix — . . 1 . 1
e Sx (CU) Aio(a)) Aix ((0, tUV , I’ix ) rix . (5_3)
a(at,,) = ri n[S, (@)] + ri INA ()] - ri n[A (@t .1 )]~ ri An[gF T (5-4)

Using amplitudes (A1a and Aig) and propagation distances (ria and rig) to Sensors 1 and
2 (A and B in the equations, respectively) for the first AE source:

a (o) = ri N(S, ()] + ri In[A ()] —ri An[A (@t 1)l —ri. In{ J1; (5-5)
1 1 1 1
@ (@1,,) = = In[S,(@)] + = INA (@) - INA, (@, 1)l - —In[j;].  (56)
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Attenuation is the same in the same material [ &, (@1, ) = (@,,,)1, so the amplitude of
the first AE source at source position Aio can be calculated using the following procedure:

1 1 1 1
NS, ()] + = In[Ag (@)] — = In[A,, (@8, .1,,)] - o NN

1A 1A 1A

:r_ In[S, (a))]+r— In[A, (a))]—r— In[A (1, .1) é-ln[ﬁ];

1B 1B 1B

(5-7)

[—rw‘rm]mu\ (w)lzi{ [ S, (@) } 1 .H S,(@) ]}
e T ° Mg Als(w’tuv 1B \/_ Am(w’tuv ].A) \/_

INfA (@) = —2 -{In[ %a() } e .{m[ 5,() ”
°© e ~Tia AlB(a) tuv 1B) \/_ —Ta AlA(a) tuv lA) \/_

(5-8)

(5-9)

r

ettt et )
A (@) ot | L A @t E T ] Tt | L A (@t E) (5-10)

where Aio is the amplitude of the first AE signal excited at the source position.
From Equation (5-10), the amplitude of the AE signal at the i"" AE source at the source
position can be calculated by Equation (5-11) using the AE amplitudes detected by

sensors A and B at different propagation distances:

Aio(w)=e<r‘8rmr“‘{ {Aa(wst‘uv(ar)))\/»} rBﬁA{ {AA(wStuv(wz)\/»}D (5-11)

A, is derived using ai(&),tuv) , which includes the frequency dependence and

environmental degradation factor (UV irradiation); A_is therefore not affected by the

attenuation factor.
Table 5.1 shows examples of calculating amplitude at source a_using real AE data
detected for the #5 woven GFRP specimen using Sensors 1 and 2, which were 15 mm
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and 30 mm from the AE source, respectively. For Source 1, the amplitudes detected by
Sensors 1 and 2 were 70 and 63 dBag, respectively. The AE centroid frequencies detected
by Sensors 1 and 2 differed, although « (w,t,,) in Equation (5-4) was assumed to be
same in this calculation. The propagation distances rix were known in this experiment (15
mm and 30 mm, respectively), so the AE amplitude at the source could be calculated
using Equation (5-11). The estimated amplitude for Source 1 was 88.8 dBae. Source 2
contained higher centroid frequencies compared with Source 1 and its estimated
amplitude was 82.8 dBae. From these results, it is evident that the effect of the frequency
dependence of attenuation is taken into account when using this method of estimation of

the b-value.

Table 5.1 Examples of estimating acoustic emission source amplitudes.
(Data detected for #5 woven GFRP test was used. Sensors 1 and 2 were 15 mm and 30
mm from the acoustic emission source, respectively.)

Source 1 Source 2
Sensor 1 Sensor 2 Sensor 1 Sensor 2
Propagation
[mm] 15 30 15 30
distance
Centroid
[kHZz] 454 444 317 307
frequency
dBae 70 63 70 66
Amplitude
AV 3163 998 3163 1994
Estimated dBae 88.8 82.8
amplitude at
nY 27445 13743
the source
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5.3 Modified b-value

Sections 5.1 and 5.2 explained that the amplitude of AE at the source position was not
affected by attenuation factor. A method for estimating the amplitude of AE at source
was proposed and demonstrated in Section 5.2. In this section, a modified b-value,
calculated using the amplitude distribution of AE at the source position, is proposed. The
effectiveness of this modified b-value is evaluated using AE data presented in previous
chapters.

Figure 5.1 shows the concept of the modified b-value, where the vertical axis shows
cumulative number of AE hits and the horizontal axis shows the amplitude of AE. As
explained in Section 5.2, the AE amplitude at the source can be calculated using two AE
signals detected by Sensors 1 and 2. The distribution of AE hits can then be calculated
using Equation (5-11). The double line in Figure 5.1 shows an image of calculated

distribution: the modified b-value proposed in this thesis is the slope of this line.

4
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Figure 5.1 Concept of modified b-value

Figure 5.2 shows the amplitude distribution by AE source for the #5 woven GFRP tensile
test at 0-2760 s (see Chapter 3.4). The vertical axis shows the cumulative number of AE
hits; the symbols O, ¢, and — indicate Sensors 1, 2, and 3 that were located 15, 30, and

45 mm from the AE source, respectively. The amplitude frequency distributions changed
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with propagation distance; the b-value (slope of fitted line) therefore changed with
propagation distance (Sensor 1: 0.083; Sensor 2: 0.101; Sensor 3: 0.110).

5 o Sensor 1 (15 mm, b-value= 0.083)
_ o Sensor 2 (30 mm, b-value= 0.101)
z, = Sensor 3 (45 mm, b-value= 0.110)

o
(@]
o
—3
2
=
Q2
=
=
s1
©)
0
35 45 55 65 75 85 95

Amplitude [dBAg]

Figure 5.2 Plot of acoustic emission amplitude distributions detected in tensile testing of
#5 woven glass-fiber-reinforced plastic specimen

Table 5.2 summarizes the AE data used for calculating the modified b-values. As
explained in Section **, the AE amplitude at the source can be calculated using data
detected by two sensors. In these experiments, we detected AE by three sensors attached
at different propagation distances from the source. The amplitude at the AE source was
then calculated by using AE signals detected by different combinations of these sensors.
The AE data used for calculating the modified b-value were grouped and labelled as *1
to *4 in Table 5.2: those signals in Groups *1 to *3 were detected by all sensors; those in
Group *4 were detected only by Sensors 1 and 2. As a result, the number of hits for
Groups *1 to *3 was 3605, but was 4712 for Group *4. The amplitudes of those AE
signals that disappeared (4712 — 3605 = 1107) during propagation from Sensor 2 to
Sensor 3 decreased to below the threshold amplitude. The propagation distances of
Groups *1 to *3 was 15 mm; that of Group *4 was 30 mm.
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Table 5.2 Summary of acoustic emission data used for calculating modified b-value (S1:
sensor 1; S2: sensor 2; S3: sensor 3)

Propagation AE group hits (0-2760 sec)
distance
[mm] S1|S2|S3| Numberofhits
*1 S3and S2 15 OO0 |10 3605
*2 S3and S1 30 ORNORNG 3605
*3 S2 and S1 15 ORNORNG) 3605
*4 S2 and S1 15 OO x 4712
4 0 *1 S3-S2 (d: 15 mm)
35 A - *2 53-S1 (d: 30 mm)
5 " 4*382-S1 (d: 15 mm)
N ©*4 S2-S1 (d: 15 mm)
25 %
-0

Cumulative hits [log 19 N]
N

=R
1 R0, .
05 e %
o= &
0 -0
50 70 90 110 130 150

Amplitude [dBag]

Figure 5.3 Determination of amplitude frequency distributions at the source position
using different combinations of sensors and propagation distances

Even a small number of AE signals with large amplitude significantly affects the b-value,
so data with large amplitude were deleted before calculation of the b-value. Figure 5.4
shows the same data as that of Figure 5.3, but with AE data deleted when the logarithm
of the cumulative number of hits was below a value of 1. The fitted line and estimated b-
value are also shown. The b-values calculated for Groups *1 to *4 were 0.068, 0.070,
0.070, and 0.071, respectively. When comparing the modified b-value with the general b-
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value (Figure 5.2), the difference decreased, thereby proving that the modified b-value is
not affected by the attenuation factor o that is a function of frequency and UV irradiation

time.

= N
3, I RS

Cumulative hits [log;oN]

o*1 $3-S2 (d: 15 mm, modified b-value=0.068) o= %
- *2 $3-S1 (d: 30 mm, modified b-value=0.070)
4*352-S1 (d: 15 mm, modified b-value=0.070)
©*4 S2-S1 (d: 15 mm, modified b-value=0.071)

60 70 80 90 100 110 120
Amplitude [dBag]

o
o w

Figure 5.4 Determination of amplitude frequency distributions at the source position
using different combinations of sensors and propagation distances and omitting
cumulative hit data with a logarithmic value of less than 1, showing fitted lines and b-
values

Finally, the validity of using Equation (3-1) for calculating the modified b-value was
evaluated. Figure 5.5 shows the relationship between amplitude and propagation distance
for AE detected from the GFRP specimen. The centroid frequencies of the three sets of
AE signals were 278 kHz, 317 kHz, and 454 kHz. The data are overlaid by curves fitted
using Equation (3-1). It is obvious that Equation (3-1) does take into account the effect

of frequency dependence of attenuation.

91



103 C#5GFRP278 kHz ——> oL =0.05 NP/mm

Vo)
ot
(.
/

]5 —#5GFRP317kHz . o.=0.07 NP/mm

O#5GFRP454kHz ——» o0 =(0.111 NP/mm

Amplitude [dB,g]
A

Propagation distance [mm]

Figure 5.5 Relationship between acoustic emission amplitude and propagation distance

with data fitted according to Equation (3-1)|
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5.4 Conclusions

In this chapter, a new parameter, named the modified b-value, was proposed and
feasibility of its use was evaluated. The modified b-value can be calculated from AE data
detected at different propagation distances from an AE source and is the slope of the
estimated AE amplitude distribution at the source position. The results are summarized

as below.

1.  The amplitude of an AE signal at the source position can be estimated using AE
data detected at different propagation distances from the source using the following

equation:

" Jin| — Se(@) ol s@
A| ( ) e fio " Aiﬁ(a)’tuv’riE’).\/E riB_riA‘[ AiA(a)'tUV’riA).\/a
o (@) =

2. Anew parameter, named the modified b-value, was proposed, which is defined as
the slope of AE amplitude distribution at the source position. This value is, in theory,
not affected by attenuation factors that are functions of frequency and UV

irradiation time.

3. To evaluate the feasibility of using this modified b-value, AE amplitude
distributions at a source were calculated using real AE data detected for a woven
GFRP specimen. All calculated amplitude distributions had a similar shape and
their slopes (modified b-values) were similar, thereby proving that the modified b-
value may not be affected by an attenuation factor that is a function of frequency
and UV irradiation time. The modified b-value seems suitable for use in continuous

monitoring of FRP structures.

93



Chapter 6 Conclusions

6.1 Conclusions

This thesis presents the applicability of using the general b-value, derived from acoustic
emission (AE) data, for structural health monitoring in fiber-reinforced plastics (FRPS),
as determined by both experimental and parametric studies. Because b-values change
with propagation distance in these materials, it was found that the general b-value cannot
be used for FRP structures. A new parameter, named the modified b-value, is proposed
and its applicability discussed. The main results of this research are summarized as

follows.

In Chapter 2, the applicability of the b-value to integrity evaluation of FRPs was assessed.
AE signals arising from different fracture modes and their influences on the b-value were
analyzed. Results from specimen #1[90]16 indicated that when detected AE signals were
caused by only matrix cracking, the b-value did not change with propagation distance; in
contrast, when AE sources contained multiple fracture modes, such as those observed for
specimens #2[80]16, #3[0]s, and cross-ply #4[0/90]s, both the amplitude distributions and
slopes of the fitted line (b-value) changed with propagation distance through the material.
This result is in contrast to that observed for only matrix cracking and behavior of general
concrete structures. These results showed that the general b-value cannot be used for
evaluation of severity of damage in FRPs without considering the distance of propagation

of the AE signals.

Chapter 3 analyzed the cause of changes in the b-value in these materials. The frequencies
of detected AE signals during tensile testing of carbon- (CFRP) and glass- (GFRP) fiber-
reinforced plastic specimens were investigated. These FRPs exhibit a very wide
frequency band (100-660 kHz), compared with materials such as rock (1-10 kHz) and
concrete (1-200 kHz). The wide frequency band of FRPS comprised frequency

components relating to damage originating from matrix cracking, fiber pull-out, and fiber
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breakage. The change in b-value may be caused by changes in the proportion of each
dominant frequency (fracture mode) on propagation due to the frequency dependence of
the AE attenuation. A parametric study was conducted using calculated attenuation values
from detected AE signals. The b-value of a single-frequency source did not change with
propagation length; in contrast, a change occurred for multiple-frequency sources. These
simulation results showed that changes in b-value may be caused by changes in the
contribution of each frequency component as a function of propagation distance. These
results proved the frequency dependency of the b-value.

Chapter 4 discussed the generation of AE signals by damage in degraded FRPs and their
effect on the b-value. The amplitude distribution prior to 25% of the life time was changed
significantly by ultraviolet (UV) irradiation time: the change in distribution of centroid
frequency for the most irradiated specimen (300 h exposure) was larger than that of other
specimens. This showed that UV irradiation may cause a change of AE attenuation in the
high-frequency components of the signal, which may then affect the b-value. A parametric
study was conducted to clarify the effects of UV irradiation in the absence of surface
damage. When an AE signal was propagated with different frequency-dependent
attenuation ratios, the amplitude distribution changed for a given propagation distance;
however, when the attenuation parameter increased without a change in the frequency-
dependent attenuation ratio, there was no change in amplitude distribution. The b-value
therefore changed with change in the slope of the frequency dependence of the attenuation

change at a given propagation distance.

In Chapter 5, a new parameter, named the modified b-value, was proposed and feasibility
of its application evaluated. In theory, AE source amplitude is not affected by attenuation
factors that are functions of both frequency and UV irradiation time. The amplitude at the
source position of the i AE source can be calculated using the AE amplitudes detected
by AE sensors (A and B) placed at different propagation distances, using the following
Equation (5-11):

< f, [,n{ S (@) }1 2 [,n{ 5, (@) }}>
A|O(0)):e rita_ri/-\l AIB(a)’tUV‘riB)“\/EJ riB_riAl AIA(w’th’riA)-\/E
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We proposed the modified b-value using the calculated amplitude at the source position.
All calculated amplitude distributions had similar shape and the modified b-values of
these distributions were also similar. It was proved that the modified b-value may not be
affected by an attenuation factor that is a function of frequency and UV irradiation time.
The modified b-value therefore appears to be suitable for use in continuous monitoring
of FRP structures.
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6.2 Future work

The modified b-value proposed in this study can only be used when the source is located
on the sensor line (see Figure 6.1). The algorithm needs to be changed so that the modified
b-value can be estimated even if the source is not located on the sensor line. This requires

discussion of the orientation dependence of the attenuation factor.

<

Figure 6.1 Limitation of application of the modified b-value

To evaluate effect of orientation dependence of the attenuation factor, several AE sensors
were attached around an AE source by changing the angle (see Figure 6.2) at which the
AE signals were detected. As shown in Figure 6.2, there appears to be little dependence

of orientation of the attenuation factor on the b-value.
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Figure 6.2 Orientation dependence of b-value
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To understand the orientation dependence of the b-value, Figure 6.3 shows the change of
AE parameters according to propagation angle. An AE signal of 100 kHz at the source
changed with sensor location and showed the orientation dependence indicated in Figure
6.3(a). At the same time, the slope of frequency dependency of attenuation did not change,
as shown in Figure 6.3(b). These results indicated that the b-value is less affected by
propagation angle when the propagation distance of AE signals is constant. Further
experimentation is required to confirm this finding.
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Figure 6.3 Variation in acoustic emission parameters for sensor locations when the
propagation angle varied from 0° to 45°. (a) Attenuation (100 kHz), (b) frequency
dependence of attenuation, and (c) b-value

When calculating the modified b-value, it was assumed that the attenuation did not change
with increasing propagation distance; however, AE signals contain a wide range of

frequencies and the higher-frequency region attenuates more rapidly than the lower-
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frequency region, thereby changing attenuation with propagation distance. It is therefore
necessary to consider the attenuation dependence of propagation distance. In future work,
optimization of the modified b-value, taking into consideration the attenuation
dependence of propagation distance, is necessary.
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