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ABSTRACT

Wave field imaging method has been an effective
visualization method in damage detection since the past decades.
However, existing imaging methods still have problems when
applied to complicated composite structures. In this paper, an
improved adjacent wave subtraction (AWS) method is proposed
to visualize damage in stiffened composite structures. A robust
time window is illustrated to enhance the anomalous wave
signals and improve the imaging results. The method is proved
to be effective in stiffened composite panels with numerical
simulations and experiments.
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NOMENCLATURE
Tw time window
u displacement
tq time delay
dx distance between two adjacent points
vy group velocity
DI damage index
r adjustable parameter
Np sample points during time window
a length of time window
T period of excitation signal

1. INTRODUCTION

With the development of aeronautics and astronautics,
many advanced smart materials have been applied in these areas.
Among these materials, composites have occupied an important
position for their high strength-to-weight and stiffness-to-weight
ratios, designable flexibility, and anticorrosion, etc. Stiffened
composite panels, the most common composite structures,
further enhance the strength, rigidity and stability more
effectively. However, the non-destructive evaluation (NDE) in
such complicated composite structures is still faced with many
challenges. Wave field imaging method, as a newly developed
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method in the past ten years, is an effective way to visualize
multiple and different kinds of damage. There are several kinds
of wave field imaging methods like ultrasonic scan imaging [1],
probability-based diagnostic imaging [2], time-reversal imaging
[3], pulsed laser scan imaging [4] and phased arrays imaging [5].
Among these wave field imaging methods, pulsed laser scan
imaging has outstood for its high accuracy and simple algorithm.
Compared with traditional C-scan, pulsed laser scan imaging is
superior in structures with thin thickness. There are several
different algorithms to enhance the pulsed laser scan imaging,
namely Laplacian image filtering [6], frequency-wavenumber
domain filtering [7] and adjacent wave subtraction (AWS) [8]
and so on. Among these algorithms, AWS method is more
effective and robust in complicated structures, but this method
still need to be developed to be more sound and systematic.

In this paper, we improved the AWS method with new time
window selection and time matching method based on Lamb
wave properties. Numerical simulations and experiments have
verified this method to be effective in stiffened composite
structures.

2. DAMAGE DETECTION WITH WAVE FIELD

IMAGING METHOD
2.1 Improved AWS method

Lamb waves in composite laminate are quite complicated,
especially in complex structures like stiffened composite panels.
The complexity sets big obstacle in traditional damage detection
methods, like time of flight (ToF) based method [9, 10]. The
AWS method, first proposed by J.-R. Lee and his colleagues [8],
is an effective alternative to overcome this obstacle. This method
takes advantage of the anomalous wave signals in the damage
area. The damage like debonding, delamination or fiber broken
in the structure will reflect Lamb waves forth and back many
times and trap some energy in the damage area, which cause the
anomalous Lamb waves, generally like standing wave. In
healthy area, without disturbance of damage, Lamb waves at
adjacent points are similar to each other during a certain period
which is defined as time window Ty, and they only have some
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time delay and a little attenuation in amplitude. While in
damaged area, signals at adjacent points are much different from
each other, which makes the AWS method feasible to detect
damage in complicated structures. In our improved method, the
anomalous wave at point (x,y) is defined as second order
difference

Au(x,y,i) =ulx + Ax,y,i —ty) +
ulx — Ax,y,i +tg) — 2 *u(x,y,i) (D

where t; is the time delay between the adjacent points,

d : : . .
ty = v—x, dx isthe distance between two adjacent points and
g

v, is the group velocity of the Lamb wave. The damage index
is defined as

Nt

DI(x,y) = Z AT (x,y, D) )

where 7 is a parameter that can be adjusted to distinguish the
damage according to damage type, and N, is sample points
during the time window Ty,

X

Ty =—+aT (3)
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where a is the length of the time window, and T is the period of
the excitation signal.

To reduce the influence of the reflected waves by the
complicated structures, a short time period after the excitation
signal reaching at the scanning point is the most considerable
time window. Considering this, Sp mode wave is chosen for its
high speed in low frequency domain.

2.2 Numerical simulation

To verify the method in the former part, numerical
simulation is conducted in a stiffened composite panel shown in
Figure 1. The ply sequence of the skin sheet is [0/90/90/0], and
the lamina thickness is 0.15 mm. The damage location and size
are shown in Figure 1. The excitation signal is a 5.5-cycle
sinusoidal tone burst at central frequency 259kHz. The out-of-
plane displacement U3 is extracted from simulation and
acquisition interval is 3 mm on the whole panel. After processed
by the improved AWS method, the result is shown in Figure 2. It
is obvious that the damage can be located accurately with this
method.

Unit: mm I I

10 x 20, (195,155) 30 x 10, (195,75)

240

10 x 10, (60,165) 10 x 10, (60,30)

i
20 x 20,(40,120)
tttttt ittt ttettt
240 y
[ Low-velocityimpact damage [l Debonding

FIGURE 1: STIFFENED COMPOSITE PANEL USED IN
NUMERICAL SIMULATION
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FIGURE 2: WAVE FIELD IMAGING RESULT WITH IMPROVED
AWS METHOD

2.3 Experiment

In order to validate the efficiency of the proposed method,
experiment was conducted using a stiffened composite panel.
Multiple debonding and low-velocity impact damage were
introduced to the stiffened panel. Figure 3 shows the overall
experimental setup. From the experiment results, it is confirmed
that the method is effective to detect multi-damage in stiffened
composite panel.
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FIGURE 3: EXPERIMENTAL SETUP TO DETECT THE
DAMAGE IN STIFFENED COMPOSITE PANEL

3. RESULTS AND DISCUSSION

The improved AWS method in this paper is successfully
applied to detect multi-damage in stiffened composite panel
containing different damage types. From the research, time
window is found to be a very important parameter in this method.
A suitable time window can lower unwanted noise and enhance
anomalous waves, which will greatly improve the imaging
quality. In our study, when a = 0.5, the result is the best. While
time matching is a minor factor to affect the imaging result. The
noise level is lower with second order difference in equation (1)
comparing with first order difference. In equation (2), the
parameter r of the damage index DI is set to be 1 in our cases,
and it can be adjusted according to the damage type.

4. CONCLUSIONS
In this paper, the improved AWS method is introduced to

detect multiple damage in stiffened composite panels. Numerical

simulation and experimental test have verified this improved
wave field imaging method. From the results in this paper, the
following points can be addressed:

(1) So mode wave is more suitable in AWS method for its fast
speed in low frequency domain.

(2) Time matching and time window based on Lamb wave
characteristics are more effective to distinguish anomalous
waves.

(3) The second order difference of Lamb wave signals can
illustrate the damage in complex structures more obviously
with lower noise.
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