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a b s t r a c t

The development of fatigue cracks at fastener holes represents a common maintenance problem for aircraft.
High frequency guided ultrasonic waves allow for the monitoring of critical areas without direct access to the
defect location. During cyclic loading of tensile, aluminum specimens fatigue crack growth at the side of a
fastener hole was monitored. The changes in the energy ratio of the baseline subtracted reflected guided wave
signal due to the fatigue damage were monitored from a stand-off distance using standard ultrasonic pulse–
echo measurement equipment. Good sensitivity for the detection and monitoring of fatigue crack growth
was found.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The development of fatigue cracks at fastener holes in aluminum
components is a common maintenance problem for the aircraft
industry [1]. Especially the development of widespread fatigue
damage due to stress concentration and cyclic loading conditions
constitutes a safety-critical problem for ageing aircraft [2]. Different
nondestructive testing (NDT) methods have been developed for the
early detection of fatigue cracks [3]. Some of them require direct
access to the inside of the fastener hole [3], complicating the possible
integration into a structural health monitoring (SHM) system. Ultra-
sonic bulk wave measurements have a proven track record and
sensitivity for the detection and sizing of cracks [4]. The real time, in-
situ monitoring of fatigue cracks at fastener holes using an angle
beam through transmission technique has been demonstrated [5].
However, bulk wave ultrasonic testing necessitates local access to the
damaged area of the inspected structure.

Guided ultrasonic waves have been proposed for the integration
into SHM systems, as with appropriate mode selection they offer the
required area coverage [6]. Most work has focused on the selective
excitation of one of the fundamental modes (A0 and S0 Lamb wave
modes) below the cut-off frequencies of the higher wave modes [7],
as this allows simpler signal interpretation and typically lower

attenuation for realistic aircraft structures [8]. The scattering of
guided waves at a hole with and without a fatigue crack has been
investigated [9]. Guided waves have been successfully employed to
detect and monitor fatigue crack growth in metallic structures [10],
and this has been extended for the monitoring of a series of through
holes with multiple crack initiation sites [1]. However, low frequency
guided waves have a wavelength significantly larger than in bulk
wave ultrasonic testing, ultimately limiting the sensitivity for the
detection of small defects [11]. The shorter wavelengths of surface
acoustic waves propagating along a structure have been employed
for enhanced fatigue crack monitoring sensitivity [12].

High frequency guided ultrasonic waves offer an interesting
compromise between the proven defect detection sensitivity of bulk
ultrasonic waves and achievable propagation range. Different modes
and frequency-thickness operating ranges have been investigated for
defect detection over medium long distances, e.g., for corrosion
detection in aircraft panels [13] and defects in plate structures [14].
With the appropriate choice of wave mode excitation good detection
sensitivity for small surface defects and the potential to differentiate
the damaged plate side have been demonstrated [15]. Previous work
has found good sensitivity for the early detection and monitoring of
fatigue crack growth during cyclic loading using noncontact laser
measurements close to the damage location [16]. The two funda-
mental Lamb wave modes were excited selectively at a frequency-
thickness product of 6.75 MHz mm, significantly above the cut-off
frequencies of the higher Lamb wave modes [17]. The scattering of
this type of high frequency guided waves from fatigue cracks at a
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fastener hole had been previously measured and compared to
numerical predictions in order to understand and quantify the
potential detection sensitivity [18].

This contribution extends this work to the experimental in-situ
monitoring of fatigue crack growth in tensile, aluminum specimens
from a stand-off distance from the fastener hole without direct, local
access to the damage. The high frequency guided waves were
excited using a standard angle beam transducer and monitored
using standard ultrasonic pulse–echo equipment. The fatigue crack
growth was measured optically during cyclic loading and the
changes in the reflected high frequency guided ultrasonic wave
pulse were quantified. Calculating the energy ratio of the time-gated
and baseline subtracted guided wave reflected pulse–echo (P/E)
signal, good sensitivity of the measured changes with crack size
were confirmed.

2. High frequency guided ultrasonic wave propagation

High frequency guided waves represent a compromise between
achievable propagation distance along plate structures and sensi-
tivity for the detection of small defects due to their relative short
wavelength [14]. For this investigation the fundamental anti-
symmetric (A0) and symmetric (S0) Lamb modes at a frequency-
thickness region of about 6.75 MHz mm were excited in a plate
(center frequency of 2.25 MHz for a 3 mm thick structure). These
modes are easily generated and received with sufficient selectivity
above the cut-off frequencies of the higher Lamb wave modes
using standard angle beam transducers [17]. In this frequency
region the wavelength equals approximately half of the plate
thickness and the A0 and S0 modes have modeshapes with stress
and displacement fields similar to a Rayleigh wave on each plate
surface. However, for excitation on the upper surface there is small
residual amplitude at the lower boundary, causing a coupling
between the two surfaces. This gives rise to an energy transfer
from one side of the plate to the other and then back over a
distance called the beatlength [19]. The beatlength L can be
calculated as

L¼ 2π
kA0

�kS0
; ð1Þ

where kA0
and kS0 are the wave numbers of the fundamental anti-

symmetric and symmetric Lamb modes. The beatlength depends on
the difference between the wave numbers kA0

and kS0 in the deno-
minator term. With increasing frequency the difference between wave
numbers decreases and thus the beatlength increases. For a frequency
of 2.25 MHzmm the difference in wave number (and thus phase
velocity) between the fundamental anti-symmetric and symmetric
Lamb modes is about 0.5%, resulting in a beatlength L¼250mm for a
3 mm thick aluminum plate. The associated beating phenomenon can
be used for the detection of small cracks on both plate sides with
single-sided access or, selecting appropriate excitation frequency and
position, for the inspection of structures where access is restricted by
regularly spaced features such as stiffeners or stringers [17].

Fig. 1 shows the group velocity dispersion diagram for the used
3 mm thick aluminum plate specimens. The group velocities of the
fundamental Lamb wave modes (A0 and S0) are shown as solid lines.
These have been widely employed for SHM applications in large
structures at low frequencies [6]. In the frequency range of interest
around 2.25 MHz the fundamental modes are rather non-dispersive
and the velocities start to converge towards the Rayleigh wave
velocity (2918 m/s). The group velocity of the A0 mode for 2.25 MHz
at 2948 m/s is slightly higher than the group velocity of the S0 mode
at 2879 m/s, resulting in a relative difference of the expected arrival
times of about 2.5%.

3. Experiments

Five tensile specimens with length 600 mm, width 70 mm, and
thickness 3 mm (Fig. 2), made of aluminum alloy 2014 T6, were used
for the fatigue testing. A 1/4 in. diameter hole (r¼3.17 mm) was
drilled on the center line at 200 mm from the specimen end (Fig. 2).
The specimens were subjected to cyclic tensile loading in a servo-
hydraulic testing machine (Fig. 3(a)) with the axis of loading along
the specimen length. A maximum load of 26 kN with stress ratio
R¼0.1 and a cycling frequency of 10 Hz were selected. The max-
imum stress in the vicinity of the hole (stress concentration factor
Kt¼2.75) was significantly above the fatigue strength of the alumi-
num alloy, but just below the yield limit in order to avoid plastic
deformation. A small triangular starter notch, approximately 0.2 mm
long, was made on one side of the specimen at the hole boundary
(perpendicular to the loading axis) in order to prescribe the crack
initiation location. During fatigue testing the crack grew quarter-
elliptically from the starter notch position to a length and depth of
about 3 mm. At that depth, corresponding to the specimen thick-
ness, the crack quickly developed into a through-thickness crack.

The cyclic loading was paused every 1000 cycles and the speci-
men held under the maximum tensile load to avoid crack closure.
The crack size was measured optically on the front surface (crack
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Fig. 1. Group velocity dispersion diagram for 3 mm thick aluminum plate (Al 2014
T6); fundamental modes (A0 and S0): solid lines; A1 mode: dash-dotted line; higher
order modes: dashed lines; center frequency 2.25 MHz marked.
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Fig. 2. Schematic of tensile specimen (Al 2014 T6, 600 mm�70 mm�3 mm) with
fastener hole (1/4 in./6.35 mm diameter) and location of 2.25 MHz wedge transducer.
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length) and through the hole thickness (crack depth) by means of an
optical microscope and a mirror inserted into the fastener hole. Once
the fatigue crack had grown through the thickness, the length on the
front and back surface of the specimenwere measured and averaged
to calculate the crack area (Fig. 4(b)). Crack initiation varied between
the five specimens, but due to the identical loading conditions the
fatigue crack growth was repeatable [16]. Typical pictures of the
crack growth for one specimen are shown in Fig. 3(b)–(d). Fig. 3
(b) shows the small quarter-elliptical crack at 60,000 cycles with a
length and depth of approximately 1 mm, corresponding to a crack
area of 0.88 mm2. For 65,000 cycles the quarter-elliptical crack had
grown to a depth of about 2 mm with a corresponding area of
2.86 mm2 (Fig. 3(c)). The through thickness crack can be seen in
Fig. 3(d) at 70,000 cycles with a length on the front surface of
3.13 mm. The corresponding crack growth data as a function of the
number of cycles is shown in Fig. 4. The crack was first observed
optically at 52,000 cycles and had grown through the thickness at
68,000 cycles (Fig. 4(a)). The experimentally observed fatigue crack
growth showed good agreement for crack depth and length with
predictions of an analytical model based on Forman crack propaga-
tion law [16].

Standard ultrasonic pulse–echo (P/E) measurements were con-
ducted from a stand-off distance to monitor the high frequency guided
wave pulse reflected at the fastener hole and at the fatigue crack.
Measurements were taken every 1000 cycles while the cyclic loading
was paused and the specimen held under maximum load to avoid
crack closure during the ultrasonic measurements. Further measure-
ments should investigate the relevance of the load (and the resulting
crack opening) on the ultrasonic signals and thus detection sensitivity
for fatigue cracks. The guided wave pulse was excited and measured
using a standard 901 angle beam transducer and wedge (Panametrics
A540S/ABWML-5T-901) with a center frequency of 2.25 MHz (Rayleigh
wavelength in aluminum at 2.25 MHz: λR¼1.3 mm). As the wedge
angle is optimized for steel rather than aluminum and the working

frequency is significantly above the cut-off frequency of the higher
Lamb wave modes (Fig. 1) it had been previously found that, besides
the desired fundamental Lamb wave modes (A0 and S0), the first
higher antisymmetric Lamb mode (A1) was excited as well [15].
However, the amplitude of the A1 mode was found to be only about
10% of the fundamental modes and due to the dispersion behavior
(Fig. 1) the wave pulse spreads rapidly in time. In addition, as the
group velocity of the A1 mode is about 10% slower than for the A0
mode it arrives significantly after the fundamental modes and can be
time-gated out. The wedge was clamped to the tensile specimen
(Fig. 3(a)) at a distance d¼125mm from the hole center on the

Fig. 3. (a) Photo of tensile specimen in hydraulic testing machine with microscope and transducer; photos of crack on specimen surface (left) and through hole interior
(right): (b) 60,000 cycles, crack length 1.06 mm, crack depth 1.06 mm; (c) 65,000 cycles, crack length 1.81 mm, crack depth 2.01 mm; (d) 70,000 cycles, crack length 3.13 mm,
through thickness.
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Fig. 4. Typically observed fatigue crack growth for same specimen as photos in
Fig. 3; (a) optically measured crack length on specimen surface (dash-dotted) and
crack depth in fastener hole interior (solid); (b) calculated crack area; shown
against number of cycles.
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specimen surface opposite to the surface where the starter notch was
made (Fig. 2). The distance, corresponding to half a beatlength at
center frequency (L¼250 mm) [16], was selected in order to con-
centrate the energy next to the fastener hole on the specimen side
containing the starter notch. The transducer was aligned along the
specimen center line to maximize the reflection at the fastener hole
and fatigue crack. The specimen width was sufficient so that the
sides did not affect the wave propagation, but did not allow for the
investigation of fatigue cracks at different angles around the fastener
hole relative to the incident wave direction. If the transducer cannot
be placed at an optimum location relative to the expected crack
orientation (for the stress field) the influence on the detection
sensitivity would have to be ascertained. Wave excitation and
receptionwas performed using a standard ultrasonic pulser–receiver
(Panametrics 5800) to allow for the P/E measurement using the
inbuilt receiver circuitry. The excited wave pulse was found to be
wideband up to approximately 3.5 MHz and the internal band-pass
filter was set to 1–5 MHz around the transducer center frequency.
The received signals were averaged (100 averages) and recorded
using a digital storage oscilloscope (LeCroy 9304).

4. P/E measurement of fatigue crack growth

The time traces resulting from the pulse–echo measurement at a
stand-off distance from the fastener hole for the same specimen as in
Fig. 3 are shown in Fig. 5. The baseline signal in Fig. 5(b) shows the
reflection at the undamaged fastener hole at the start of the cyclic
loading. The zoom of the clear and strong reflected pulse is shown in
Fig. 5(a). The waveform is characterized by a distinct dispersive
behavior. The use of a wideband excitation leads to a partial
separation in time of the A0 and S0 Lamb wave modes. The arrival
time of the front of the reflected pulse at about 108 μs matches the
addition of the predicted propagation time in the wedge with the
longitudinal velocity in Perspex and in the specimen with the fastest
group velocity for the low frequency part of the A0 mode, propagat-
ing with a group velocity slightly higher than the Rayleigh wave
velocity. The expected arrival time for the S0 mode is about 2 μs later
and no time separation of the pulses is visible in Fig. 5(a). The main
pulse includes both interfering fundamental modes A0 and S0. The
pulse at about 113 μs and the following pulses are mainly the low
frequency part of the S0 mode characterized by a group velocity
smaller than the Rayleigh wave velocity. The arrival time of the A1
mode would be about 9 μs later and as expected no significant pulse
at 117 μs was detected. The time signal shows some amplitude
variation between 107 and 120 μs, which was consistent between
the baseline measurements for the different specimens. Small varia-
tions were observed for the initial measurements, possibly due to the
settling of the clamped wedge relative to the specimen, and the first
two recorded time traces at 0 and 1000 cycles were discarded. For
each specimen, the signal averaged from the next 10 measurements
(2000–11,000 cycles) was taken as the baseline signal. Some small
changes in the arrival time of the pulses (up to about 10% of signal
period) were observed before crack initiation, mostly correlated to
longer stoppage of the experiments overnight. Therefore, an auto-
matic correction to re-align the pulses was implemented in Matlab,
using the cross-correlation of the initial reflection of the A0 mode at
the fastener hole from 107 to 110 μs. As the expected arrival time of
the first reflection at the fatigue crack is about 2.5 μs later, it was
assumed that this part of the pulse was not affected, which was
confirmed from visual observation of the reflected pulses.

Fig. 5(c) shows the reflected time signal recorded for this speci-
men at 60,000 cycles, 8000 cycles after the fatigue crack was first
visually observed. For a crack length and depth of about 1 mm a
change in the pulse shape with an increase of reflected amplitude in
the later part of the signal can be seen. This change in signal shape

and amplitude increased with growing size of the quarter-elliptical
crack, as shown for a crack depth of about 2 mm at 65,000 cycles in
Fig. 5(e). Once the crack had grown through the specimen thickness
a strong reflected pulse was seen as shown in Fig. 5(g). It should be
noted that the observed changes in the reflected signal varied to
some degree between the different specimens, especially for larger
crack areas, e.g., not for all specimens such a large reflected
amplitude as in Fig. 5(g) was seen. As the reflected signals consist
of an overlap of wave pulses from different guided wave modes and
reflections at the hole and at the fatigue crack, small changes in the
location and shape of the fatigue crack can lead to relative phase
shifts and thus constructive/destructive interferences of the different
pulses. It was therefore decided to perform a baseline subtraction
[18] of the reflected wave pulse relative to the baseline signal
(averaged of 10 measurements). This allowed for the separation of
the changes in the reflected field due to the crack from the direct
reflection at the hole. The resulting signal is shown in Fig. 5(d) for
the 1 mm long crack at 60,000 cycles. The time delay of about 2.5 μs
relative to the baseline signal corresponds to the additional propa-
gation distance to the fatigue crack location. With increasing crack
size a significant increase in the signal difference can be seen in
Fig. 5(f) for a 2 mm deep crack at 65,000 cycles and for a through
thickness crack at 70,000 cycles in Fig. 5(h).

5. Energy evaluation of fatigue crack monitoring

The analysis of the measured P/E time traces has shown that the
relevant parameter for detection sensitivity is the modification of the
measured waveform due to the additional high frequency guided
wave arising from the reflection at the crack, separated using a
baseline subtraction. The time traces shown in Fig. 5(c)–(g) shows a
change in the pulse shape with an increase of reflected amplitude in
the later part of the signal. Potentially a fatigue crack could have been
detected just from the change in the P/E time signal by itself. However,
an energy ratio method similar to [16] was applied to allow a simple
quantification of the relative change in the baseline subtracted signal
and easier interpretation. This procedure was found to be more
reliable than, for example, the maximum pulse amplitude, due to
the interference of the different wave pulses. The energy parameter En
at cycle n was defined as the addition of the energy parameter E0 of
the baseline measurement and the energy parameter Enn of the
waveform at cycle n after baseline subtraction. This parameter was
calculated within a windowed portion of the signal that extended
from time t0¼107 μs to t1¼120 μs containing the complete reflected
pulse as explained above. The energy ratio R was obtained by
normalizing the energy parameter En with the baseline parameter E0:

R¼ En
E0

¼ 1þEn

n

E0
; ð2Þ

with

E0 ¼
Z t1

t0
x0ðtÞð Þ2dt; En

n ¼
Z t1

t0
xnnðtÞ
� �2dt; ð3Þ

where t is time, x0(t) is the baseline signal and xnnðtÞ is the waveform at
cycle n after baseline subtraction.

Fig. 6(a) shows the calculated energy ratio for the 5 tensile
specimens, with Fig. 6(b) giving a magnification of the same data for
small crack sizes. The ultrasonic P/E measurement every 1000 cycles
was evaluated as described above and the energy ratio was plotted
against the optically measured crack area. The initial crack area
corresponds to the length and depth of the starter notch, which
varied slightly between specimens. Crack initiation was detected
optically at crack lengths varying between 0.26 mm and 0.42 mm for
the different tensile specimens. Before optical detection, the energy
ratio was plotted as if occurring at the area of the starter notch and
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taken as the uncertainty in the measurements. The largest observed
variation in the energy ratio before a fatigue crack was visually
detected was 7.3% for one specimen (dash-dotted line), with smaller
values from 1.8% to 6.5% for the other 4 specimens. The energy ratio
increases with increasing crack area, but at slightly different rates for
the five specimens. A conservative threshold of 15% increase in the
energy ratio was set as twice the maximum variation of 7.3%
(Fig. 6(b)). For all specimens an increase in energy ratio of more than
15% was observed for a crack area of 0.8 mm2 or less. For individual
specimens smaller cracks could potentially be detected, but it would
not be possible to set specific threshold limits in advance. The crack
detection threshold of 0.8 mm2 corresponds approximately to a crack
length and depth of 1 mm (approximately 75% of the Rayleigh

wavelength in aluminum), similar to the crack at 60,000 cycles shown
in Fig. 3(b).

The energy ratio continues to increase with growing crack area. For
a crack area of up to 2mm2 reasonably similar behavior of the curves
for the five different specimens can be observed in Fig. 6(a), even
though some differences are evident in the magnification in Fig. 6(b).
For small fatigue cracks this might in principle allow an approximate
sizing of the crack area from the calculated energy ratio, but with rather
large uncertainties. For larger fatigue cracks (42mm2 in Fig. 6(a))
different rates for the correlation of the energy ratio to the crack can be
observed. For 3 of the specimens the increase with crack area is larger
than for the other 2 specimens, making crack sizing impossible. The
increased energy ratios matched the observed changes in the time
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traces, e.g., significantly larger amplitude changes for some of the
specimens compared to the others. No apparent reason for this was
observed during the fatigue testing and during the evaluation proce-
dure, but the variation between the curves for large fatigue cracks can
possibly be associated to small differences in crack location and shape
between the measurements. This modifies the interferences between
the A0 and S0 modes reflected at the crack and fastener hole and affects
the P/E measurement. The selection of the energy ratio as the detection
parameter allows a simple quantification of the fatigue crack influence
on the reflected signal and thus comparison between specimens and
setting of a conservative threshold for which small fatigue cracks can be
detected from a stand-off distance.

6. Conclusions

The detection and monitoring of fatigue crack growth at fastener
holes in aircraft structures presents a significant maintenance
problem, where cracks need to be detected before they have reached
a safety critical size. Due to their relative short wavelength, high
frequency guided waves represent a compromise between achiev-
able propagation distance along thin aerospace structures and
sensitivity for the detection of small defects. For the integration into
SHM systems the sensitivity and reliability of defect detection needs
to be ascertained. Previous contributions have demonstrated the
effect of a fatigue crack on the scattered wave field and the good
sensitivity for the early detection and monitoring of fatigue crack
growth employing noncontact measurements using a laser inter-
ferometer close to the fastener hole and fatigue crack location. This
investigation demonstrated the potential for practical measurements
by means of standard ultrasonic pulse–echo equipment at a stand-
off distance from the fastener hole without direct access to the
damage location. Employing a standard ultrasonic wedge transducer
clamped at a stand-off distance from the damage location, the
combined reflection at the fastener hole and fatigue crack was
measured. The P/E signal contains the superposition of the funda-
mental high frequency guided wave modes (A0 and S0 Lamb modes),
which overlap in time. The calculation of the energy ratio of the
baseline subtracted and time gated signals was employed to quantify
the observed changes with fatigue crack growth. Using a conserva-
tive limit of twice the maximum observed variation in the energy for
any of the five tested specimens, fatigue cracks with an area of less
than 0.8 mm2, corresponding approximately to a crack length and
depth of 1 mm, could be reliably detected. Due to the varying
interference between the different reflected guided wave pulses

the change in the time signals and thus rate of increase in the energy
ratio with increasing crack size varied, especially for larger fatigue
cracks. This makes a direct correlation of the energy ratio to the crack
size difficult. Further studies should be performed to investigate this
further, as well as to understand the influence of load and tempera-
ture on the observed signal changes and the applicability of the
methodology for complex, multi-layered aircraft structures.
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area; 7.3% maximum variation before visual crack observation (dash-dotted); 15% threshold (dashed).
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