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Damage Detection in z-Fiber Reinforced, Co-Cured
Composite Pi-Joint Using Pitch-Catch Ultrasonic Analysis

and Scanning Laser Vibrometry
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Abstract: Damage detection in constrained geometry structures like z-pinned,
co-cured composite pi-joints is established using pitch-catch ultrasound and scan-
ning laser vibrometry measurements. Ultrasonic pitch-catch measurements con-
sisted of a network of PZT (Lead Zirconate Titanate) sensors placed on the spec-
imen and sensing Lamb waves at each sensor location, where measurements were
taken at symmetric top and bottom sensor locations for healthy and damaged pi-
joint specimens. Results showed the presence of fatigue-induced bend damage
of the joint as a reduced peak-to-peak amplitude response across the joint. Scan-
ning laser vibrometry measurements were used to study the propagation of Lamb
waves within the narrow, constrained geometry pi-joint structure, where the reflec-
tion and superposition of propagating Lamb waves was studied using time-resolved
image analysis. The presence of delamination and hidden damage was visualized
as changes in the propagating Lamb wave characteristics, where a reduction in
propagating energy levels and dispersive wave characteristics were observed due to
delamination and thinning of the composite plies.

1 Introduction

The in-situ health monitoring of aircraft structures is becoming an attractive al-
ternative to traditional nondestructive evaluation (NDE) methods occurring during
scheduled maintenance activities. According to Mal [Mal (2004)], 25% of an air-
craft’s life cost is due to maintenance and NDE requirements, which is not only
costly, but is time consuming and often requires disassembly for inspections.

As a result, there is currently a need to establish reliable, efficient, and economical
structural health monitoring (SHM) methodologies. For more than a decade, im-
provements in SHM sensor technologies and signal processing methods have been
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made, which is allowing active structural health monitoring to become an integral
part of a variety of aircraft structures, enhancing future aircraft safety and mainte-
nance opportunities.

In recent years, the use of composite materials in aircraft structures has increased,
where for example the newly developed Boeing B787 and Airbus A350-XWB air-
craft are expected to contain nearly 50% composite materials [Croft (2005)]. Both
active and passive SHM technologies are being considered for structural health
monitoring of these composite structures, where ultrasonic sensing using guided
Lamb waves has drawn considerable interest [Adams (2007); Giurgiutiu (2008);
Staszewski et al (2009)]. In much of the work done to date, however, guided wave
SHM has focused on large, open, plate-like structures typically found in wings and
fuselage structures [Dalton et al (2001)]. Although these structures are of concern
for SHM, structural joints are historically of critical importance for aircraft struc-
tural integrity assessments. An increasing need exists, therefore, for SHM tech-
nologies capable of characterizing complex geometry and localized joint structures
in composite structures.

In this paper, the characterization of a delaminated z-pinned, pi-joint composite
structure is studied using bonded Piezo-sensors and scanning laser vibrometry. The
bonded Piezo-sensors were strategically placed on either side of the pi-joint, which
included a varying thickness, multi-layer joint with a vertical riser. In addition,
the joint included the use of z-pinned features for enhanced joint durability and
reliability. Scanning laser vibrometry measurements were used to study the gener-
ation and propagation of Lamb waves through the structural joint. Both undamaged
and damaged pi-joint specimens were studied, where comparisons between signal
content were made with and without damage, and preliminary wave propagation
analysis was accomplished to better understand Lamb wave interactions with the
structure and damage features. The remainder of the manuscript includes a brief
technical background on z-pinned composites and Lamb wave sensing concepts,
followed by a description of the experimental studies, results, and conclusions.

2 Technical Background

2.1 Z-pinned, co-cured composite pi-joint and failure mechanisms

As pointed out recently by Russell [Russel (2007)], the increased use of composites
in aerospace structures is largely dependent on reducing fabrication costs and build-
ing confidence in the strength and structural integrity of integrated, bonded joints.
Although many composite joint concepts are being investigated for large-scale air-
craft implementation, the “pi” joint concept has received considerable attention re-
cently (Figure 1a), with desirable manufacturing and robust structural performance
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being shown recently in coupon and full-scale aircraft testing programs [Zhang et
al (2008)]. As depicted in the schematic diagram of Figure 1a, the pi-joint in-
volves a skin-stiffener joint assembly, where the stiffener is co-cured to the skin.
The design provides an inherent structural redundancy, with the pi-joint acting as
two independent bondlines, resulting in improved robustness, damage tolerance,
and performance characteristics.

Stiffener/Web

Skin

Co-Cured Joint

   

Delaminations

Load

   

Z-pins Z-pins

      
  (a)              (b)       (c) 
 Figure 1: Composite joint concepts (a) pi-joint, (b) delamination regions, and (c)
z-pinned joint reinforcement.

With regard to load-bearing strength in a composite joint structure, the energy is
absorbed by matrix cracking initially, followed by the creation of fracture surfaces
at the lamina interfaces, known as delamination (Figure 1b) [Kaw (2006)]. Delam-
ination can severely impair the ability of a structure to carry load and compromises
its structural integrity. Since there is a lack of natural reinforcement in the thickness
direction, delamination becomes a predominant failure mode [Davidson (1994)].
In the recent past, through-the-thickness reinforcement techniques have been de-
veloped [Freitas et al (1994)], which have significantly improved the durability
and reliability of composite structures [Rugg et al (2000)]. There are several 3D
reinforcement technologies such as stitching, tufting, 3D weaving, and z-pinning
[Freitas et al (1994); Rugg et al (2000); Dransfield et al (1994); Leong et al
(2000)]. In the present research, z-pinned reinforced composite pi-joint specimens
were studied (Figure 1c). A z-pin is a small diameter cylindrical rod which is em-
bedded in a composite material and oriented perpendicular to the layer interface,
enhancing the interlaminar strength of co-cured composite joint structures.

2.2 Lamb wave sensing using bonded PZT sensors

The use of guided Lamb waves in SHM applications has been studied extensively in
recent years, with an increasing emphasis on the detection of damage in composite
laminate materials [Monkhouse et al (1997); Wang and Chang (2000); Kessler et al
(2002); Wang and Yuan (2007)]. Several excellent review articles have been writ-
ten recently by Chimenti [Chimenti (2003)], Su [Su et al (2006)], and Raghavan
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[Raghavan and Cesnik (2007)], in addition to books and book chapters focusing on
structural health monitoring for structural composite materials [3, 4]. As pointed
out by Giurgiutiu [Giurgiutiu (2005)], the appeal of guided Lamb waves for SHM
applications involves its unique capability for accomplishing measurements over
extended regions with a minimal number of sensors. Combined with the recent
availability of inexpensive piezoelectric sensor disks, the efficient generation and
use of guided Lamb waves for damage detection in thin-walled plates and shells
has helped to advance SHM technologies for use many practical applications.

Guided Lamb waves involve the propagation of elastic waves in a bounded medium
whose particle motion lies in the plane defined by the plate normal to the direction
of wave propagation [Viktorov (1967)]. In contrast to bulk waves, guided Lamb
waves involve two infinite sets of propagating modes, referred to as symmetric
Sn and antisymmetric An modes. In most instances, the Sn and An modes are
dispersive in nature, where the velocity of a propagating mode, cn, depends on the
ultrasonic frequency, the elastic constants and density of the material, and the ratio
of the plate thickness, d, and propagating mode wavelength, λ , which determine
the effective stiffness of the plate [Adams (2007); Giurgiutiu (2008); Viktorov
(1967)]. For a given thickness d and frequency f, the characteristic propagating
modes and wave velocities can be established using dispersion curves calculated
from the Rayleigh–Lamb relations [Adams (2007); Giurgiutiu (2008); Viktorov
(1967)].

It is widely known that the phenomenon of velocity dispersion can lead to signif-
icant complexity with respect to experimentally observed Lamb wave signals. As
a result, the use of single mode, or ‘tuned’, excitation methods have been devel-
oped, where a single fundamental mode is preferentially excited and other modes
are suppressed. As originally described by Giurgiutiu [Giurgiutiu (2005)], the di-
rect shear-layer coupling between an adhesively bonded piezoelectric sensor disk
and a structure can lead to an inherent and preferred coupling of energy into a
particular Lamb wave mode by frequency tuning. This represents a key feature
for minimizing signal complexity in a practical Lamb wave measurement process,
when significant geometric and material complexity exists. The fundamental A0
mode, for example, can effectively be isolated for generation and detection pur-
poses, where previous research has shown an enhanced interaction of A0 energy
with delamination in composite laminates [Giurgiutiu (2005)]. The simplification
of signal content from reflected energy in constrained geometric structures is also
anticipated with mode isolation and frequency tuning.
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2.3 Characterization of Lamb waves using scanning laser vibrometry

The propagation of elastic waves in a material can involve a number of complex
physical phenomena, resulting in both subtle and dramatic effects on detected sig-
nal content. In recent years, the use of advanced methods for characterizing and
imaging elastic wave propagation and scattering processes has increased, where
for example the use of scanning laser vibrometry has been used very effectively to
identify propagating modes, scattering phenomena, and damage feature properties
[Leong et al (2005); Longo et al (2010)]. A typical scanning laser vibrometry sys-
tem provides a means for measuring the local velocity or displacement levels on a
material surface with spatial resolutions approaching 1 micron. In addition, because
a laser beam is used to probe the material surface, the measurements are provided
in a non-contact and non-interfering manner. When combined with a contact trans-
ducer for elastic wave generation, a scanning laser vibrometry system can provide
time-resolved and time-averaged image results over extended areas, where wave
velocity, attenuation, and scattering processes can be resolved and studied with a
high degree of fidelity and spatial resolution. For constrained geometry composite
materials, the use of a scanning laser vibrometry measurement provides a means for
understanding Lamb wave reflection, scattering, dispersion, and mode-conversion
processes, which can be used to understand signal content in a distributed bonded
piezoelectric sensor array measurement used in SHM applications.

3 Test Article and Experimental Measurements

3.1 Pi-joint composite test articles

Figure 2 provides a schematic cross-sectional diagram of a pi-joint composite test
article, and digital images of a sample showing bonded Piezo-sensors and compos-
ite layers in cross-section. The sample includes a 40-ply, quasi-isotropic lay-up
[0/90/45/-45]5S for the graphite fiber/epoxy composite skin (Newport Adhesives
and Composites, NCT-350-GT145-TR50S), which was co-cured with a 20-ply ver-
tical riser/web lay-up [0/45/90/-45/-45/45/45/90]S, where 1/2 of the web plies were
split and re-directed 90-degrees into the top surface of the skin during the curing
process. The overall length, width, and thickness of the skin region were 202.4 mm,
51 mm, and 4.8 mm, respectively. In the overlap region of the skin, the thickness
increases to 6.6 mm due the additional 2 composite plies, while the thickness of the
vertical riser/web region was 2.45 mm with an overall height of 140 mm. The thick-
ened region extends out ∼42.8 mm on either side of the vertical riser/web region
along the length of the sample, and includes 25 rows of z-pinned reinforcements
(0.5 mm diameter, 4% pin density) at a nominal 1 mm spacing distance.

As shown in the upper left inset image and schematic diagram in Figure 2, eight
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Figure 2: Schematic cross-sectional diagram of the pi-joint composite sample, and
digital images of pi-joint specimen with bonded piezo sensors and cross-section
details.

piezoelectric sensors (APC D-6.35mm-0.2mm-850WFB) were placed symmetri-
cally on the top and bottom surfaces of the skin, with four additional sensors placed
symmetrically on either side of the web. The sensors were bonded to the specimen
using M-Bond adhesive, and were located along the length and height of the speci-
men as depicted in Figure 2. The sensors were 6.35 mm round disks of PZT, with
a thickness of 200 microns, and polarized to produce a radial shearing force when
actuated.

3.2 Experimental measurement systems

The primary equipment used in the pitch-catch ultrasound and scanning laser vi-
brometry experimental work is shown in Figures 3a and 3b, respectively. The pitch-
catch ultrasound equipment included an Agilent 33250A arbitrary waveform gener-
ator and a LeCroy Waverunner LT584 digital oscilloscope. The function generator
sent a 5-cycle, 10 Vpp, sinusoidal signal at 100 kHz to one of the bonded piezoelec-
tric sensors, while the digital oscilloscope was used to capture the received signals
at the remaining sensor positions with a 20 MHz sampling rate. An average of 100
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Figure 3: Data collection systems (a) pitch-catch piezo sensors, and (b) scanning
laser vibrometry.

signal repetitions was made for each measurement, where a pulse repetition rate of
10 milliseconds was utilized to allow for previous signals to damp out adequately.
Measurement results were obtained before and after damage had been introduced
into the pi-joint material samples.

The scanning laser vibrometry system included a Polytec OFV 505 sensor head and
OFV 5000 controller unit. As shown in Figure 3b, the sensor head was mounted
on a 2-axis translation system, which provided 200 mm x 200 mm scan sizes at
sub-micron raster-scanned step spacings. Measurements were accomplished by ac-
tuating one of the bonded piezoelectric sensors and scanning the laser interferom-
etry beam relative to the sample surface to acquire out-of-plane displacements on
the pi-joint sample surface. Sensor actuation was provided by a 10 Volt toneburst
sinusoidal signal generated using the Agilent 3350A arbitrary waveform genera-
tor. The system was fully automated, utilizing custom Labview control software
for data acquisition and post-processing of the captured signals with a 10 MHz
sampling rate.

3.3 Fatigue testing of pi-joint composite test articles

The composite pi-joint specimens were subjected to 3-point bend tests using a 20-
kip MTS load frame as depicted in Figure 4. The samples were gripped on either
end of the skin and on the upper portion of the vertical riser/web as depicted in the
figure, which created a bending force at the web-skin joint resulting in delamination
between plies, fiber buckling, matrix cracking, and flange delamination. All tests
were run at a displacement rate of 0.02 in/min. Damage in the test specimens
included initial matrix cracking and delamination in the resin rich area, which grew
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vertically into the web region, and secondary cracking and delamination in the
lower skin region at the mid-line of the sample as depicted in Figure 4b [Freel
(2006)].

                     
                                           (a)                                                                                   (b)    

Figure 4: (a) Schematic of 3-point bend testing geometry, and (b) digital images of
pi-joint specimen being load tested and resulting damage in specimen.

4 Scanning Laser Vibrometry Characterization of Lamb Wave Proagation
in Constrained Geometry Pi-Joint

Scanning laser vibrometry measurements were used to study Lamb wave propaga-
tion in the constrained geometry pi-joint composite specimens. Typical results are
provided in Figures 5 and 6, which depict spatially-resolved, out-of-plane surface
displacement ‘snapshot’ images for increasing time steps from 5 to 45 microsec-
onds in 5 microsecond steps. As shown in the images, scanning laser vibrometry
measurements provided a means for visualizing ultrasonic wave propagation and
scattering characteristic within the complex geometry material system. The scan
dimensions in Figures 5 and 6 included a 200 mm x 50 mm scan area with 1 mm
spatial steps. Bonded piezoelectric sensor actuation was accomplished using a sen-
sor on the top left surface of the skin as indicated in Figure 5, with displacement
measurements ranging from -20 and +20 nanometers, and image contrast scaled
using the 8-bit gray-scale look-up-table (LUT) in Figure 5.

It is well known that the A0 mode is less dispersive and more sensitive to com-
posite delamination damage due to its inherent anti-symmetric motions [Giurgiutiu
(2005)]. For this reason, frequency-tuned A0 Lamb waves were preferentially ex-
cited by the bonded PZT transducer in Figures 5 and 6 using a 100 KHz, 10 volt,
5-cycle toneburst input signal. As depicted in Figures 5 and 6, the Lamb waves
propagated in a circular wave energy pattern, and were quickly reflected by the
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Figure 4 (a) Schematic of 3-point bend testing geometry, and (b) digital images of pi-joint specimen being load tested 
and resulting damage in specimen. 
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 Figure 5 Time-resolved scanning laser vibrometry images of out-of-plane displacement component of A0 Lamb wave 
mode acquired on bottom surface of z-pinned, co-cured composite pi-joint specimen. 
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Figure 5: Time-resolved scanning laser vibrometry images of out-of-plane dis-
placement component of A0 Lamb wave mode acquired on bottom surface of z-
pinned, co-cured composite pi-joint specimen.
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Figure 6: Scanning vibrometry displacement images showing anti-symmetric mo-
tion fields on the top/bottom surfaces of the z-pinned co-cured composite pi-joint,
indicating frequency-tuned A0 Lamb wave propagation.

constrained geometry edges of the sample within 20-25 µsec. Significant wave in-
terference effects are noticed as the wave propagates away from the transducer due
to increased interaction of waves reflecting from varying thickness regions, z-fiber
scattering, and the side walls of the sample.

A verification of frequency-tuned A0 Lamb wave excitation can be seen in Figure
6, where a set of complimentary measurements were made on the top and the bot-
tom surfaces of the composite skin. In both measurement cases, the same bonded
piezoelectric sensor was actuated on the top composite skin as indicated in Fig-
ure 5. Because the A0 mode is characterized by an anti-symmetric motion of the
opposing surfaces of a plate material, mirror images with opposite displacement
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motion polarity would be expected for the A0 mode, which in fact is confirmed in
the images in Figure 6. An estimation of the A0 wavelength (λ = 15 mm) and phase
velocity (cp = 1500 m/s) was also made based on the image measurement results
in Figures 5 and 6, which are comparable with previously published values in a
similar graphite fiber composite laminate material system [Grondel et al (2002)].

5 Bonded PZT Measurements of Constrained Geometry Pi-Joint

Pitch-catch measurement results for the bonded piezoelectric sensor disks on the
undamaged pi-joint sample are provided in Figure 7, where sensor locations are
indicated in Figure 7a. Specimen geometry dimensions and additional details were
provided in Figure 2. In this set of experiments, measurements were targeted for
the composite skin, where as described previously, 100 kHz toneburst signals were
used to preferentially excite the A0 mode in the pi-joint sample. Pitch-catch mea-
surements were made for sensor pairs on the top and bottom of the composite skin,
and also for propagating Lamb waves along the length of the sample.

Figure 7b depicts the thru-transmission pitch-catch signal for sensor pairs 1-2 and
3-4. Similar results were also obtained for the 5-6 and 7-8 sensor pair combina-
tions. The 1-2 sensor signal has been offset vertically by 0.12 volts to provide a
better comparison of the signal content. For both waveforms, there is a nominal
5-cycle signal that arrives almost immediately, which represents the signal trans-
mission from the sensors on the top of the sample to the corresponding bottom
sensors. The arrival time of the 3-4 sensor pair signal (3.2 usec) was slightly longer
than the 1-2 sensor pair signal (2.5 usec) due to a thickness change from 6.6 mm
to 4.8 mm, respectively. Due to the restricted geometry, reflected energy from the
sides and left end of the sample occur relatively quickly in time causing signals
to overlap at the various receiving sensor positions. The excitation source dura-
tion time for the 100 kHz, 5-cycle toneburst signal was 50 microseconds, which
is apparent in both of the waveforms. The reflected signals from the left edge of
the sample were expected to occur at approximately 40 microseconds for the 1-
2 sensor combination, and at approximately 106 microseconds for the 3-4 sensor
combination, which is in reasonable agreement with the observed signals in Figure
7b, where the 3 to 4 sensor pair shows a more distinct separation of signal content
in the 0 – 200 microsecond time frame. Reflected signals from the sides of the
sample occur at approximately 36 microseconds for both sensor pair combinations
causing distortions and apparent lengthening of the waveforms. The signal content
also decays away rapidly, which is typical of the type of the composite materials
used.

Figure 7c and 7d depict propagating Lamb wave signals excited using sensor 1 and
receiving sensors along the length of the sample. Figure 7c provides a compari-
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Figure 7: (a) Sensor positions locations on pi-joint sample in cross-section, (b)
pitch-catch signals thru the thickness of the skin for sensor pairs 1 to 2 and 3 to 4,
(c) Lamb wave signals detected along the length of the composite skin for pairs 1
to 3, 1 to 5, and 1 to 7, and (d) anti-symmetric motions detected by sensor pair from
1 to 5 and 1 to 6.

son of the signals obtained as the Lamb wave propagates at increasing distances
from left to right according to the schematic diagram in Figure 7a. The 1-5 and
1-7 sensor signals have been offset vertically to provide a better comparison of the
signal content. First arrival times of 33 usec, 60 usec, and 93 usec were estimated
from the waveforms for the 1-3, 1-5, and 1-7 sensor pair combinations, which is
in reasonable agreement with the A0 Lamb wave mode propagating at a speed of
1500 m/s. A noticeable reduction in signal amplitudes was observed as the wave
propagated due to energy spreading effects and attenuation occurring in the com-
posite material. Reasonably consolidated toneburst signals were observed for the
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1-3 and 1-5 sensor pair combinations, where the trailing toneburst signal occurring
at 200 microseconds is attributed to reflected energy from the left edge of the sam-
ple. A more complex and less consolidated signal occurred for the 1-7 sensor pair
combination. Similar results were observed for the 1-4, 1-6, and 1-8 pitch-catch
sensor pairs. A verification of frequency-tuned A0 Lamb wave excitation can be
seen in Figure 7d, where a comparison of the 1-5 and 1-6 sensor pairs are provided
showing anti-symmetric motions for the top and bottom of the sample.

6 Scanning Laser Vibrometry and Bonded PZT Sensing of Damaged Com-
posite Pi-Joint Specimen

Figures 8 and 9 show scanning laser vibrometry results for different time snapshots
of out of plane displacement for the propagating Lamb wave in undamaged (left im-
ages) and damaged (right images) z-pinned, co-cured composite pi-joint samples
collected on the bottom surface and top surfaces of the composite skin, respectively.
The damaged pi-joint specimen included a series of delaminated features, with the
primary delamination in the skin occurring along three-quarters of the length of the
sample from the right edge of the sample to the mid-point position between sensor
pairs 1-2 and 3-4. This primary delamination resulted in a splitting of the compos-
ite laminate across the entire width of the sample at approximately 1.5 millimeters
from the bottom of the skin. Two additional delaminated features occurred as de-
picted in Figure 4b, where individual plies of the composite became separated from
the rest of the skin at the very bottom of the sample near the centerline along its
length.

Comparing the undamaged and damaged results in Figures 8 and 9, the propagating
Lamb wave patterns show dramatic changes in wavelength and amplitude charac-
teristics, particularly at times beyond 50 microseconds. The displacement field
images depicted in Figure 8 represent motion fields occurring on the bottom of the
composite skin, where regions near the top of the images have not been delami-
nated significantly. Some shortening of the wavelength pattern can be observed in
the damaged case versus undamaged case in the 30 usec images, which indicates
that the delamination and material thinning has begun to occur. Because the sample
thickness has been reduced, the frequency-thickness product has caused the wave-
length and phase velocity to shift on the material’s dispersion curve, resulting in the
visual observation of a shorter wavelength pattern. As the Lamb wave continues to
propagate further into the delaminated regions of the sample (50 usec, 60 usec, and
70 usec cases), a more significant wavelength-shortening effect is observed, where
the delaminated thickness has been reduced to a single ply. Wave energies become
very restricted in the center and lower portions of the sample due to the presence of
the delamination.
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Figure 8: Scanning laser vibrometry images of out-of-plane motions for undam-
aged (left) and damaged (right) pi-joint composite samples for increasing times,
with measurements on bottom skin surface of sample.

Scanning Vibrometry Images of Top of Composite Skin 
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Figure 9: Scanning laser vibrometry images of out-of-plane motions for undam-
aged (left) and damaged (right) pi-joint composite samples for increasing times,
with measurements on top skin surface of sample.

Although not as obvious, the upper surface images depicted in Figure 9 provide
additional evidence of Lamb wave propagation changes for the damaged versus
undamaged cases. The thickness of the upper delaminated material surface (ap-
proximately 3 mm) was relatively consistent across the length of the sample. How-
ever, as depicted in Figure 4b, additional vertically-oriented delamination features
occurred in and around the resin-rich region of the composite joint, which did not
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permit Lamb wave energy to propagate beyond the central portion of the material in
the delaminated cases shown in Figure 9. A distinct horizontal feature also occurs
in the damaged image cases near the top of the samples, which is not present in the
undamaged cases. This feature is located at the position where the vertical web and
skin meet and is a likely indication the joint failure mechanisms occurring in the
pi-joint specimen geometry. Additional efforts are underway to better understand
some of the interesting observations in these wave propagation studies with regard
to failure modes in the joint.

Figure 10 provides a series of pitch-catch bonded piezoelectric measurement results
for the undamaged versus damaged pi-joint cases. In all four examples, sensor 1
was used as the excitation source (see Figure 7a), where the remaining 7 sensors
were used as receivers. Representative measurements are provided for the 1-2, 1-3,
1-5, and 1-7. Figure 10a provides a comparison of thru-the-thickness pitch-catch
measurements for sensor pair combination 1-2. It shows nearly identical signal
results for timescales below 50 microseconds, with increasing variability in signal
content as time progresses. This indicates that the sample has not changed signif-
icantly near the two sensor positions, but at increasing distances reflected energy
content has changed. Figure 10b provides a comparison of damaged and undam-
aged cases for energy propagating between sensor positions 1-3, where the delam-
ination has begun to occur. Signal content is again similar for timescales below
50 microseconds with significant reductions in Lamb wave propagation beyond
that timeframe for the damaged case. For the results depicted in Figures 10c and
10d, significant changes and reductions in signal content are evident for the dam-
age versus undamaged cases, where the delamination have inhibited any energy
propagating from left-to-right beyond the joint region and centerline of the sample
in length. Some minor energy is evident, however in both cases, with increased
propagation times due to the propagation of energy around the various delaminated
regions, which resulted in longer travel distances. In general, evidence of damage
became more pronounced as sensor separation distances increased. In addition,
good agreement was observed in propagating wave features present in the scanning
vibrometry versus bonded piezoelectric signals. Additional efforts are underway to
correlate the two measurement results with quantitative estimates of damage fea-
tures in the pi-joint samples.

7 Conclusion

The present research establishes a damage detection methodology in z-pinned, co-
cured composite pi-joint samples, utilizing guided Lamb waves and bonded piezo-
electric pitch-catch sensing and scanning laser vibrometry displacement field imag-
ing. The specimen involved an advanced structural composite material joint, which
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                                                 (c)                                                                                         (d)             
 Figure 10: Pitch-catch bonded piezoelectric signals for damaged versus undamaged

pi-joint cases for (a) thru-the-thickness sensor pair 1-2, (b) sensor pair combination
1-3, (c) sensor pair combination 1-5, and (d) sensor pair combination 1-7.

was complex in nature involving a constrained geometry with varying thickness
and complex curvatures. The value of utilizing scanning laser vibrometry for wave
propagation analysis combined with a practical distributed piezoelectric sensor net-
work was shown, where damage sensing capabilities for structural health monitor-
ing applications was emphasized. A direct comparison of undamaged and damaged
composite pi-joint specimens was made, where complex delaminated features and
restricted structural geometries were studied and discussed. Evidence of fatigue-
induced bend damage of the joint was observed as reduced amplitude responses
across the joint using both methods. The presence of delamination and hidden
damage was visualized using the scanning laser vibrometry approach as changes in
the propagating Lamb wave characteristics, where a reduction in propagating en-
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ergy levels and dispersive wave characteristics were observed due to delamination
and thinning of the composite plies.
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