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DAMAGE DETECTION FOR COMPOSITE STRUCTURE
UNDER TEMPERATURE CHANGES USING LAMB WAVES
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Abstract: A two-step method is proposed for detection and identification of invisible impact damage in composite
structure under temperature changes using LLamb waves. First, a statistical outlier analysis is employed to distin-
guish whether the changes of Lamb wave signals are induced by damage within a monitoring area or are only af-
fected by temperature changes. Damage indices are defined after the LLamb wave signals are processed by Fourier
transform., and a Monte Carlo procedure is used to obtain the damage threshold value for the damage indices at
the undamaged state. If the damage indices in the operation state exceed the threshold value, the presence of
damage is determined. Then, a probabilistic damage imaging algorithm displaying probabilities of the presence of
damage within the monitoring area is adopted to fuse information collected from multiple actuator-sensor paths to
identify the location of damage. Damage indices under damaged state are used to generate the diagnostic image.
Experimental study on a stiffened composite panel with random temperature changes is performed to demonstrate
the effectiveness of the proposed method.
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INTRODUCTION

Composite structures have been widely used
in structural components of aerospace vehicles.
However, composite structures are vulnerable to
damages, especially the invisible low-impact dam-
age, leading to significant reduction of strength
and stability. Therefore, it is important and ur-
gent to develop structural health monitoring sys-
tem to monitor the composite structures online
and continuously to detect the internal damages at
an early stage to prevent catastrophic failuret,

Currently, for health monitoring of compos-
ite structures, a promising approach is to excite
diagnostic Lamb wave into the structures using
actuators. By analyzing the transmitting Lamb

wave signals, the characteristic information about
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the hidden damage can be extracted and ob-
tained”*’. Among Lamb wave-based damage de-
tection and identification approaches, many use
the time of flights (ToFs) of the scattered waves
to identify the damage. By extracting the time ar-
rival of the Lamb waves scattered by damage, the
damage location can be identified using the rela-
tion among distances, wave velocities and ToFs of
the scattered waves"®, This kind of methods
needs to subtract the LLamb wave signals before
damage (baseline) from those after damage to ob-
tain the damage-scattered wave signals. Howev-
er, in real application, the environment, such as
temperature, vibration and noise. can greatly in-
fluence the Lamb wave propagation in the struc-

ture. Under such circumstance, even in the un-

damaged state, the Lamb wave signals would be
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significantly different from the baseline signals.
Thus it would lead to incorrect judgment and sus-
picious identification if use the subtracted signals
as the scattered signals to identify the damage un-
der environmental effects.

Another kind of LLamb wave-based methods
can be categorized as pattern recognition-based

methodst 1%,

By extracting the damage features
from the received LLamb waves in time, frequency
or time-frequency domains through signal and in-
formation processing techniques, the damages can
be classified and identified by pattern recognition.
According to the training samples and learning al-
gorithms, the pattern recognition-based methods
can be further classified as unsupervised and su-
pervised methods. In unsupervised methods, the
training samples are only {rom the structure un-
der undamaged state, while in the supervised
methods, the training samples are from both the
undamaged state and the damaged state. General-
ly, it is difficult to obtain training samples from
different damage scenarios beforehand, thus un-
supervised methods are more advantageous for
low level damage detection in structural health
monitoring.

This paper aims to study the effect of tem-
perature changes on Lamb wave propagation and
proposes a two-step method for detection and
identification of invisible impact damage in com-
posite structure under temperature changes using
Lamb waves. An unsupervised pattern recogni-
tion method, statistical outlier analysis, is com-
bined with a probabilistic damage imaging algo-
rithm to detect and identify the damage, while
considering the effect of temperature changes.
First, the statistical outlier analysis is employed
to distinguish whether the changes of Lamb wave
signals are induced by damage within the monitor-
ing area or are only affected by temperature
changes. If the damage existence is determined,
then the probabilistic damage imaging algorithm
is adopted to fuse information collected from mul-
tiple actuator-sensor paths to form diagnostic im-
age to identify the location of damage. Experi-

mental study on a stiffened composite panel with

random temperature changes is performed to
demonstrate the effectiveness of the proposed

method.

1 DAMAGE DETECTION AND
IDENTIFICATION APPROACH

1.1 Damage index

For damage detection, damage features
should be extracted from the sensed signals to in-
dicate the presence and progress of damage. Most
of the damage features are represented by damage
index comparing the dynamic response parameters
in operational state with those in undamaged
state. For Lamb wave-based damage detection
methods, a useful damage index with simple sig-
nal processing is usually defined in the frequency

domain as
7, 1,
DI = ‘1 — J/» |[FFT (V) \/J/ |[FFT (V) |

(D
where V is the referenced LLamb wave signal
sensed in undamaged state, and V, the Lamb

wave signal in an arbitrary operational state, FFT
the Fourier transform of the signals, and [ f,, f,]
is the frequency range of the excited Lamb wave
signal.

Under ideal condition, the meaning of the
damage index defined by Eq. (1) is that, if there
is no damage in one actuator-sensor path, V, is
exactly the same as Vi, DI=0; Else if there is
damage in that path,V, is different from V;,
DI=X, X& (0,1), indicating the occurrence of
damage. However, in real applications, the oper-
ational environment surrounding the structure,
such as temperature changes, will greatly influ-
ence the Lamb wave propagation in the structure.
Under such circumstance, even in the undamaged
state, the wave signals at an arbitrary time will
be significantly different f{rom the referenced
baseline signal, i.e., DI 0. It is difficult to
distinguish if the change of Lamb wave signals is
introduced by damage or environment.

To overcome this drawback, in this paper
damage index defined in Eq. (1) is modified from

a statistical point to consider the environmental
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effect. Let V be the Lamb wave signal of the ith
observation (i =1, <+, M) in the undamaged
state. One of these measurements (i = 1) is
adopted as a baseline reference and the damage in-
dex DI” under undamaged state is evaluated for
the remaining (M—1) measurements as

/I //
DI = |1 — J |FFT(V1;,) ‘/Jr |FFT(V131)| ‘

1o

i =2, ., M (2

Let Vy; be the Lamb wave signal of jth ob-

servation (j=1, -+, N) in the operational state.

The damage indices under operational state are
evaluated for the N measurements as

1, 7,
pro — |1 7] IFFT (Vo) \/L IFET (V) |

1o
j=1, =, N (3

A statistical outlier analysis is performed to
compare the damage indices under operational
state with those under undamaged state to detect
the presence of damage. A Monte Carlo proce-
dure is used to obtain the damage threshold value
for the damage indices at the undamaged state. If
the damage indices in the operation state exceed
the threshold value, the presence of damage is de-

termined.
1.2 Statistical outlier analysis

In statistics, an outlier is an observation that
is significantly different from the rest of the popu-
lation and the outlier is believed to be generated
by an alternative mechanism. Outlier analysis can
be considered as a special class of pattern recogni-
tion, which classifies the abnormal data or state
from the normal ones. For structures, outlier is
normally related to a damaged state, and outlier
analysis has emerged as a robust unsupervised
learning pattern recognition tool for damage de-
tectiont'",

In this study, for determining whether an
observation of damage indices in an operational
state is an outlier, namely, the change of Lamb
wave signals is induced by damage rather than
temperature changes, a proper damage threshold
value DIy, should be calculated using the damage
indices under undamaged state. In a sensor net-

work, if the calculated damage index in an actua-

tor-sensor path under operational state is less
than DI,,, it can be considered that the change of
sensed Lamb wave signals is introduced by tem-
perature changes; Otherwise, it can be deduced
that damage occurs in or near that actuator-sensor
path, thus the presence of damage could be de-
tected.

A Monte Carlo procedure is employed with
experimental measurements to determine the
damage threshold value. Its main steps are as fol-
lows 2!,
Step 1 In the undamaged state, randomly
apply temperature changes to the structure, and
randomly obtain M sets of Lamb wave signals in
each actuator-sensor path. Select one measure-
ment as reference, and compute the damage in-
dices of the rest M—1 sets of Lamb wave signals
in each actuator-sensor path according to Eq. (2).

Step 2

damage indices in each actuator-sensor path as

Save the maximum of the M — 1

DI,.. to obtain a population of N, DI ..., N, is
the number of actuator-sensor paths in a sensor
network.
Step 3  Assess that which distribution the
maximum damage indices DI,,,under temperature
changes come from, and estimate the probability
distribution function (PDF) from this N, DI,..
population. From the estimated PDF, the damage
threshold value, DI, can be established with a

certain confidence level (99.9% in this study).
1.3 Probabilistic damage imaging

Because of the complexity of composite struc-
ture and impact damage, the interaction between
Lamb wave and impact damage in different direc-
tions and actuator-sensor paths may different. It
is more reasonable to fuse information collected
from multiple actuator-sensor paths rather than
single path to identify the damage. In this study,
after the presence of damage is determined by the
statistical outlier analysis, a probabilistic damage
imaging algorithm is adopted to use damage-sen-
sitive features of all actuator-sensor paths to iden-
tify the location of damage.

For a sensor network with N, actuator-sen-
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sor paths in total, the estimation probability val-

ue of damage presence P at position (x,y) can be

written ast'’

N,

P(x.y) = D) pulaay) =

k=1

N,
1 — 1 s
%Alz[ﬂ 1 ¢ RT3y s Tt s Yt s Tons Vo) + ﬁ}

€]
where
ROy s Tt s Var s T s V) =
ch(l"vvauk sVat s Zaps Vo) Re(xs s @aps Yot s T s Vi) < [3)
Iﬁ Ry s Zaps Yar s Tors V) >
(5
and

Rc(xayv‘rak s Vak s Lk 9y.v1e) —

\/(I —z)' =y F \/(1' —a)tF (= vt

(@ — 2)" F (Y — ya)?

(6)
is the ratio of the sum of the distances from the
imaging point (x,y) to the actuator (x,, y.) and
to the sensor (x,, y,) to the distance between the
actuator and sensor. p,(x, y) is the estimation of
probability of the presence of damage from the
kth actuator-sensor path and A, is the damage-
sensitive feature in the kth path. (8 is a scaling pa-
rameter which controls the size of the affected
zone of the actuator-sensor paths™*. In this
study, [ 1is set as 1. 07.

In the original probabilistic damage imaging
method proposed by Hay et alt*®*'*), the presence
of damage is assumed to be the exclusive reason
for the changes in the LLamb wave signals between
the reference and present operational states.
They used the correlation of Lamb wave signals in
two different states (signal difference coefficient)
as the damage features. However, as aforemen-
tioned, the operational environment surrounding
the structure, such as temperature changes, will
influence the Lamb wave propagation in the struc-
ture. Under such circumstance, even in the un-
damaged state, the wave signals at an arbitrary
time would be significantly different from the
baseline signals. The aim of the proposed two-

step method is to consider the environmental in-

fluences to improve this imaging approach. Only
after the presence of damage is determined by the
statistical outlier analysis, the imaging algorithm
is adopted to display probabilities of the presence
of damage within the monitoring area. The dam-
age indices under damaged state are used as the
damage features in Eq. (4) to generate the diag-
nostic damage image, and the damage is assumed
to be presented in the area with the highest prob-

ability of presence.

2 EXPERIMENTAL STUDY

2.1 Experiment setup

To demonstrate and verify the damage detec-
tion and identification method proposed in this
study, an experimental structural health monitor-
ing system is established to perform experimental
studies. The overall test configuration of the ex-
perimental system is shown in Fig. 1(a). The test
setup consists of a stiffened composite panel, a NI

PX1-5442 arbitrary function generator, a NI PXI-

(a) Test setup

4.5 cm

A

Impact

-
S3

5.5 cm

S6 S5

(b) Sensor network placement

Fig. 1 Test setup and sensor network placement
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6115 data acquisition (DAQ) board, and a KH-
7600 wideband amplifier.

On the back surface of the stiffened compos-
ite panel, 12 PZT transducers denoted by S1 to
S12 are mounted to form a sensor network to
monitor the damage in a region with a dimension
of 150 mm X180 mm, as illustrated in Fig. 1(b).
The diameter of the PZT transducer is 12 mm and
the thickness is 1 mm. Each PZT transducer can
be acted as both actuator and sensor, thus there
are totally 66 independent actuator-sensor paths.
However, S1 and S3 partially debonded during
the following impact test, thus there are only 45
effective actuator-sensor paths. Table 1 lists the
path numbers and corresponding actuators and
A LabVIEW-based software is devel-

oped to control the waveform generator to gener-

Sensors.

ate the excitation signals at a sampling rate of
40 MHz. In the following experiments, the signal
amplified by KH-7600 drives one PZT actuator to
generate transient Lamb waves into the stiffened
composite panel alternatively, and the response
wave signals are then received by other PZT sen-
sors, and saved by the NI PXI-6115 DAQ board,
whose sampling rate is set at 10 MHz. During the
experimental study, limited by the experimental
condition, hair dryer is adopted to randomly heat
up the monitoring area of the stiffened composite
panel to simulate temperature changes. The tem-
perature range applied by the hair dryer is about
25-—80 °C in this study. However, the proposed
method can be extended to other temperature dis-

tribution.

Table 1 Path numbers and corresponding actuators and sensors
Path Actuator- Path Actuaror- Path Actuator- Path Actuator- Path Actuator-
number sensor number sensor number sensor number sensor number sensor
1 S2-S4 10 S4-S5 19 S5-S7 28 S6-S10 37 S8-S10
2 S2-S5 11 S4-S6 20 S5-S8 29 S6-S11 38 S8-S11
3 S2-S6 12 S4-S7 21 S5-S9 30 S6-S12 39 S8-S12
4 S2-S7 13 S4-S8 22 S5-S10 31 S7-S8 40 S9-S10
5 S2-S8 14 S4-S9 23 S5-S11 32 S7-S9 41 S9-S11
6 S2-S9 15 S4-S10 24 S5-S12 33 S7-S10 42 S9-S12
7 S2-S10 16 S4-S11 25 S6-S7 34 S7-S11 43 S10-S11
8 S2-S11 17 S4-S12 26 S6-S8 35 S7-S12 44 S10-S12
9 S2-S12 18 S5-S6 27 S6-S9 36 S8-S9 45 S11-S12

2.2 Damage detection result

To determine whether there existed damage
in the structure during operation, a Monte Carlo
method aforementioned is first performed to de-
termine the damage threshold value in the undam-
aged state. Under the room temperature, a set of
Lamb waves at each actuator-sensor path is mea-
sured as the baseline reference as V', described in
Eq. (2). Then hair dryer is adopted to randomly
heat up the monitoring area of the stiffened com-
posite panel, meanwhile, 10 sets of Lamb waves
are obtained at each actuator-sensor path.

In this study, for damage detection and iden-
tification, the function generator generates a
tone-burst, narrowband modulated sinusoidal in-

put voltage signal and applies it to the PZT sensor

according to
S =Q[HwW — H@— N,/fo] -

2nf .t

N )sin2mn f.t 7

(1 — cos

b
where Q is the amplitude of the excitation signal,
N, the number of peaks in the waveform, f. the
center frequency and H (¢) the unit step function.
In the experiment, the parameters are selected
as: Q=6 V, N,=5 and f.=75 kHz. Fig. 2(a)
shows two typical measurements and their sub-
traction from S2 to S5 under two different tem-
peratures in the undamaged state. Their Fourier
transform are shown in Fig. 2(b). From Fig. 2, it
can be clearly seen that temperature changes has
an important influence on the propagation of

Lamb waves, leading to phase and amplitude
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Fig. 2 Typical measurements and Fourier transforms

under different temperatures in undamaged

state

changes of the received signals in both time and
frequency domains. It would inevitably lead to
false judgment and suspicious identification if use
the subtracted signal as the damage-scattered sig-
nal or use features from these two sets of wave
signals directly to detect and identify the damage
under temperature changes.

Then the damage indices of the 10 sets of
Lamb waves are calculated according to Eq. (2)
and save the maximum DI,,, in each actuator-sen-
sor path to obtain a population of 45 DI,... Fig. 3
shows the maximum of the damage indices DI ..
at all 45 actuator sensor paths. Distribution plot
is used to assess which distribution the damage
indices DI ., come from. Fig. 4(a) shows a nor-
mal distribution plot. It can be seen that the data
points fall near the line, demonstrating it is rea-
sonable to assume that the data come from a nor-

mal distribution. A Jarque-Beta test is also per-

0.25
0.233
020 (99.9% confidence)
g
=]
B 0.15
[
&
g 0.10
A
0.05
0.00
1 5 10 15 20 25 30 35 40 45
Path number
Fig. 3 Maximum damage indices at all actuator-sen-
sor paths in undamaged state
0.99 :
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(a) Normal distribution assessment
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i ¥\
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Damage index

(b) Estimated PDF

Fig. 4 Normal distribution plots

formed by using MATLAB function "jbtest”. The
test results accept the null hypothesis that the da-
ta come from a normal distribution. The PDF of
the normal distribution is then estimated from
this 45 DI,., population as illustrated in Fig. 4
(b). The threshold value, DI, =0.233, is estab-
lished with a 99. 9% confidence level as illustrated
in Fig. 3.

Next, an impact test is performed to intro-

duce low-velocity impact damage in the stiffened
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composite panel. A drop-weight impacting device
with energy of about 20 ] is controlled to impact
at the position illustrated in Fig. 1(b). After im-
pact,the same as the test procedure under undam-
aged state, 10 sets of Lamb waves are obtained at
each actuator-sensor path, and hair dryer is used
to randomly heat up the monitoring area of the
stiffened composite panel. Fig. 5 shows a typical
measurement and its Fourier transform from S2
to S5 under damaged state compared with the
ones under undamaged state. The damage indices
of the 10 sets of Lamb waves under damaged state
are calculated according to Eq. (3). To eliminate
the difference induced by temperature change, the
10 sets of damage indices is averaged in each actu-
ator-sensor path. Fig. 6 shows the averaged dam-
age indices at all 45 actuator-sensor paths. The
damage threshold value with 99. 9% confidence is
also illustrated in Fig. 6. It can be clearly ob-
served that the damage indices in 10 actuator-sen-
sor paths are greater than the damage threshold
value, and it can be deduced that damage oc-

curred in the monitoring area.

0.10} —— Before damage
- - - After damage
0.05
>
%
E: 0.00
S
-0.05
-0.10
100 150 200 250
Time / ps
(a) Wave signals under two physical states
40T —— Before damage
35k - - - After damage
>
°
]
£
)
]
=

40 60 80 100 120
Frequency / kHz

(b) Fourier spectra

Fig. 5 Typical measurements and Fourier transforms

under different temperatures in damaged state
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Fig. 6 Averaged damage indices at all actuator-sensor

paths in damaged state

2.3 Damage identification result

After damage is detected by the statistical
outlier analysis, the probabilistic damage imaging
algorithm is used to identify the location of dam-
age. Fig. 7(a) illustrates the damage image con-
structed by Eq. (4) using the averaged damage in-

dices as the damage-sensitive feature shown in
18

15

12

Y-coordinate / cm

0 5 10 15
X-coordinate / cm

(a) Probabilistic image using averaged damage indices

18

Y-coordinate / cm

Actual center location

w

(=]

0 5 10 15
X-coordinate / cm

(b) Probabilistic image with threshold

Fig. 7 Images for probability of presence of damage
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Fig. 6 after the stiffened composite panel is im-
pacted. In the image, the higher the pixel value
is, the higher the probability that the damage lo-
cates. With a proper threshold value, the esti-
mated damage location is shown in Fig. 7(b). The
impact damage is examined by ultrasonic C-scan,
the shape of the inside damage is nearly a circle
with diameter of about 30 mm. The size of the
damage is highlighted by a bold circular line in
Fig. 7(b) for comparison. The identified center
location of damage using the maximum probabili-
ty is about 1.7 c¢m from the actual center location
of the impact damage. This identification result is
within a reasonable range, considering the com-
plexity of the stiffened composite panel, demon-

strating the effectiveness of the proposed method.

3 CONCLUSION

This paper proposes a two-step method for
detection and identification of invisible impact
damage in composite structure under temperature
changes using Lamb waves. A statistical outlier
analysis is employed to distinguish whether the
changes of Lamb wave signals are induced by
damage within a monitoring area or are only af-
fected by temperature changes. After the damage
is detected, a probabilistic damage imaging algo-
rithm displaying probabilities of the presence of
damage within the monitoring area is adopted to
fuse information collected from multiple actuator-
sensor paths to identify the location of damage.

Experimental results demonstrate that the
proposed method gives reasonable accuracy for
damage detection and identification. The statisti-
cal outlier analyses successfully detect the damage
existence and provid a useful tool to overcome the
effect of temperature changes. The deviation be-
tween the damage location identified by the maxi-
mum probability value of the presence of damage
and the actual one is within a reasonable range.
However, the influence of damage extent is not

included in the imaging algorithm.
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