
 
 

 
Journal of Mechanical Science and Technology 30 (5) (2016) 2113~2120 

www.springerlink.com/content/1738-494x(Print)/1976-3824(Online) 
DOI 10.1007/s12206-016-0418-9 

 

 

 
Damage detection in multilayered fiber–metal laminates using  

guided-wave phased array† 
Ameneh Maghsoodi1,*, Abdolreza Ohadi1, Mojtaba Sadighi1 and Hamidreza Amindavar2 

1Department of Mechanical Engineering, Amirkabir University of Technology, Tehran, Iran 
2Department of Electrical Engineering, Amirkabir University of Technology, Tehran, Iran    

 
(Manuscript Received August 9, 2015; Revised January 5, 2016; Accepted January 5, 2016)   

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

Abstract 
 
This study employs the Lamb wave method to detect damage in Fiber–metal laminates (FMLs). The method is based on quasi-

isotropic behavior approximation and beamforming techniques. Delay and sum and minimum variance distorsionless response beam-
formers are applied to a uniform linear phased array. The simulation in finite element software is conducted to evaluate the performance 
of the presented procedure. The two types of damage studied are the following: (1) Delamination between fiber–epoxy and metal layers 
and (2) crack on the metal layer. The present study has the following important contributions: (1) Health monitoring of multi-damaged 
FMLs using Lamb waves and beamforming technique, (2) detection of damage type, (3) detection of damage size by 1D phased array, 
and (4) identification of damages that occurred very close to the laminate edges or close to each other.  
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1. Introduction 

In recent years, Fiber–metal laminates (FMLs) have been 
significantly developed in different industries, especially in 
the aerospace industry. FMLs have greater mechanical and 
chemical properties than isotropic materials. However, dam-
age propagation in these structures leads to their sudden fail-
ure. FMLs, similar to other structures, are subject to various 
types of damage, such as delamination, corrosion and cracks. 
Damage identification in these structures is very important in 
preventing loss of life and property. Thus, this study focuses 
on Structural health monitoring (SHM) of FMLs. 

This study has chosen the Lamb wave propagation method 
among the various SHM methods because of the following 
significant advantages: 1) Waves have the ability to propagate 
over a significant distance, 2) waves have high sensitivity to 
inhomogeneity and variation of geometry, 3) Lamb waves can 
be easily generated into structures using small pieces of piezo-
electric ceramics, and 4) piezoceramic actuators/sensors can 
be permanently bonded to the surface of the structures to gen-
erate/receive Lamb waves [1, 2]. Lamb wave propagation 
using piezoceramics is more affordable than other SHM meth-
ods because of its permanent attachment and the low cost of 
piezoceramics. 

Damage detection in plate-like structures is more complex 
than that in beam-like structures. Detection in plate-like struc-
tures requires several sensors and actuators instead of only one 
transducer as well as an advanced signal processing method. 
Some researchers have presented valuable information and 
techniques in this field. Rucka [3] studied wave propagation in 
a steel plate using a 2D spectral element based on Kane–
Mindlin theory. Su et al. [4] discussed the interaction of wave 
with delamination in carbon/fiber epoxy laminate. They also 
used at least four piezoceramics localized on each corner of 
the laminate to identify one delamination. Rathod and Maha-
patra [5] presented the triangulation method to localize corro-
sion in metallic plates by a circular array of piezoelectric wa-
fers. They used at least three array elements to identify dam-
age location using the time of flight of the reflected wave from 
damage. One of the disadvantages of the triangulation method 
is that the damage detection procedure becomes more com-
plex, especially in composite structures, when the number of 
damages increases or when the reflected waves from the edges 
of the plate cannot be ignored. Therefore, researchers tend to 
use an array of piezoelectric elements to scan plate-like struc-
tures. Giurgiutiu and Bao [6] presented the embedded ultra-
sonic structural radar algorithm to detect damage in metallic 
plates using the pulse–echo configuration. They applied a 
Delay and sum (DAS) beamformer to a uniform linear array 
to scan the large plate area. Yu and Giurgiutiu [7] presented 
the required equations for near- and far-field beamforming. 
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They also compared circular and linear phased arrays in me-
tallic plates. Ostachowicz et al. [8] proposed a star configura-
tion of piezoelectric transducers containing four linear phased 
arrays for damage localization in an aluminum plate. Yan et al. 
[9] studied the influences of the anisotropy behavior of com-
posite materials on the amplitude and velocity of Lamb waves. 
Engholm et al. [10, 11] applied the Minimum variance distor-
sionless response (MVDR) beamformer to a 2D phased array 
on an aluminum plate. They compared the MVDR and DAS 
beamformers. The results showed that the former performs 
better than the latter in resolution and interfering mode sup-
pressions. 

Aside from the aforementioned research, several studies 
have also focused on FMLs as new applicable structures in 
different industries. Rosalie et al. [12] studied the variation of 
the Lamb wave group velocity in GLARE aluminum plates 
containing one delamination. They used two methods, namely, 
wedge ultrasonic probes and embedded piezoelectric in a glass 
fiber layer. Zukauskas and Kazys [13] examined the delami-
nation parameters in a GLARE3-3/2 laminate using the air-
coupled ultrasonic technique. Farias et al. [14] used ultrasonic 
probes to capture signals. They analyzed these signals in time 
and frequency domains to extract information on the location 
of damage that occurred in an FML. The literature shows that 
most of the researchers have studied metallic or fiber–glass 
composite structures. Moreover, most of them have investi-
gated large plates and assumed damage locations far from the 
plate edges (i.e., approximately 20 cm) to avoid influences of 
reflected waves from the plate edges. 

The present study aims to detect the location, size, and type 
of two different damages (i.e., delamination and crack) in a 
small multi-damaged FML in the presence of reflected waves 
from laminate edges using a uniform linear phased array. The 
two types of damage assumed in the FML are (1) delamina-
tion between fiber–epoxy and metal layers and (2) cracks on 
the metal layer. The change in the material properties of the 
fiber–epoxy layers of laminate in different directions leads to 
certain complexities in the damage detection procedure. The 
beamforming (phased array) and Quasi-isotropic behavior 
approximation (QIBA) techniques are used to overcome this 
problem. Some numerical examples are presented to clarify 
the proposed procedure. In these examples, healthy and dam-
aged laminates are modeled in ABAQUS software. Two 
beamforming techniques (i.e., DAS and MVDR) are applied 
to a uniform linear array on the laminates. Their results are 
subsequently compared. 

 
2. Formulation 

This study conducts multi-damage detection in a small 
FML. This study faces the following the two important chal-
lenges: (1) The displacement amplitude and the propagation 
velocity of the wave vary in different directions of wave 
propagation because of the anisotropic behavior of the fiber–
epoxy layers of FML; and (2) compared to other papers, this 

study considers a small FML to investigate the effects of the 
reflected waves from the laminate edges. These problems 
increase the complexities of the damage detection procedure 
in laminate. Therefore, two effective techniques are used, 
namely, the QIBA and beamforming methods. The necessary 
stages for damage identification using these techniques are 
presented in the sections that follow. 

 
2.1 Quasi-isotropic behavior approximation of FML 

This subsection presents an applicable strategy to overcome 
problem (1). The amplitude and velocity of the guided wave 
in composite structures vary in different directions because of 
the variation of material properties. Moreover, the direction of 
the energy propagation is not generally similar to that of the 
wave vector. The literature shows that the calculation of the 
angle difference between the directions of energy propagation 
and wave vector is complex. Therefore, this study extends the 
proposed method for FMLs in Refs. [9, 15] to eliminate the 
complicated calculation for angle difference as well as to re-
duce the significant variations of wave amplitude and phase 
velocity in different wave propagation directions. The stan-
dard deviation curve of the wave velocity in different wave 
propagation directions for various wave excitation frequencies 
is plotted through the QIBA technique. The effects of the ani-
sotropic behavior diminish if the standard deviation ap-
proaches to zero. Consequently, each excitation frequency 
with the minimum amount of deviation is the best frequency 
because the wave velocity variation is less than that in other 
frequencies. 

The equation for calculating the standard deviation s  is 
given as follows: 
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where q , w , and pc  are the wave propagation direction, 
excitation frequency, and phase velocity, respectively. M , 
q  and m  are the number of wave propagation directions, 
number of excitation frequencies, and average of all phase 
velocities in different directions in the j th frequency, respec-
tively. 

 
2.2 Beamforming technique for FML 

This subsection describes an effective method to solve 
problem (2). Piezoelectric sensors attached to the laminate 
receive signals through the pulse–echo method (Fig. 1). Re-
ceived signals contain both reflected waves from laminate 
edges and damages. Therefore, distinguishing reflected waves 
caused by damages may be impossible from those caused by 
laminate edges. A powerful method is required to monitor the 
entire laminate area and to detect multiple damages. The 
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beamforming technique is one of the most appropriate meth-
ods of amplifying desired reflected waves in a certain direc-
tion, q , and attenuating undesired waves. A large area of the 
laminate can be inspected by changing q  over the laminate 
surface and applying a scanning beam. This study uses two 
different beamforming methods, including DAS and MVDR 
beamformers. Both methods are described in the sections that 
follow. 

 
2.2.1 DAS beamformer 

This study considers a uniform linear array with N  identi-
cal elements, as shown in Fig. 2. In this figure, d  and r  are 
the spacing between the center of neighboring elements and 
between the center of the array and damage, respectively. 
Each element in the array is known as both actuator and sen-
sor. All of the array elements individually receive the reflected 
signals when each element is excited as the actuator. This 
process is conducted through the pulse–echo method. The 
DAS beamforming method is based on applying an appropri-
ate phase delay time on each array element to direct the array 
output in the specific direction. In this study, the phase delay 
time is relative to the center of the array. The resulting signal 
of the array, F , is the summation of the sensor outputs. The 
process is mathematically described as follows [9, 10]: 
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where delay time, ijd , is as follows: 
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where ijf  refers to the received signal by the j th element of 
the array as the sensor when the i th element is actuated. is , 

jw , and js  are the spacing between the center of the array 
and actuator i , amplitude weighting factor of sensor j , and 
the spacing between the center of the array and sensor j , 
respectively. Accordingly, 1j DASw w N= =  is used for the 
DAS method in this study. Eq. (2) may be rewritten in matrix 

form as follows: 
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2.2.2 MVDR beamformer 

One of the most common adaptive beamformers is the 
MVDR beamformer. The weight vector in this method is 
given by the following equation [10]: 
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where the signal covariance matrix can be estimated as fol-
lows: 
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where sN  is the number of sampling points. 

 
2.2.3 Calculation of damage location 

As mentioned in the previous subsections, the beamforming 
methods result in a focused signal on a certain direction de-
noted by angle q . Changing angle q  from 0 to 180 results 
in a virtual scanning beam over the laminate. Therefore, a 
large area of the laminate can be inspected. This procedure is 

 
 
Fig. 1. Sending/receiving signals using the phased array attached to the 
damaged laminate. 

 

 
 
Fig. 2. Uniform linear phased array. 
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conducted for both intact and damaged laminates. Both result-
ing signals from the array in each angle q  are then compared. 
The damage in that direction is present if any additional wave 
packet in the damaged laminate in angle 0q  is observed. The 
damage location in angle 0q  relative to the center of the ar-
ray, ( )0damager q , can be calculated as follows: 

 

( ) ( )0
0 2

g damage
damage

c t
r

q
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where ( )0gc q  and damaget  are the group velocity and the 
flight time of the wave in angle 0q , respectively. 

 
3. Numerical examples 

All of the aforementioned procedures are used to detect 
the damages in the FML and illustrate and validate the pre-
sented methods. Consider a 30-by-30 cm2 six-layer FML  
[ / 0 / 90 ]sAl o o  with the following material and geometrical 
properties of a unidirectional glass fiber–epoxy layer: 

 
material density, 1540cr =  kg/m3, 
Young’s modulus, 1 2 336,  5E E E= = =  MPa, 
shear modulus, 12 13 232.7, 1.92G G G= = =  MPa, 
Poisson ratio, 12 31 320.25, 0.301n n n= = = , 
thickness, 0.35ch =  mm. 

 
The following properties are considered for the Al layer: 
 
thickness, 0.5Alh =  mm, 
material density, 2700Alr =  kg/m3, 
Young’s modulus, 72AlE =  MPa. 
 
First, the range of the best excitation frequencies of the 

Lamb wave in healthy FML [ / 0 / 90 ]sAl o o  is determined 
using the QIBA technique. Mode 0A  is chosen for damage 
detection because of two reasons. First, mode 0A  has a 
shorter wavelength, l , than mode 0S  at a given excitation 
frequency. Therefore, damage detection is possible with 
smaller size. Second, the velocity of mode 0A  at low fre-
quencies is less than that of mode 0S , which is a great advan-
tage in damage detection of small-size laminates because the 
reflected waves caused by the damages can be distinguished 
from those caused by the laminate edges. 

The phase velocity of the wave in different directions and 
frequencies is calculated using the transfer matrix method 
presented in our previous paper [16]. The curve of the phase 
velocity standard deviations for mode 0A  for the wave 
launching directions from 0 to 180 with an angle increment of 
20 has been calculated using Eq. (1) and is shown in Fig. 3. 
Second, an appropriate excitation frequency is selected to 
model a uniform linear phased array on the FML surface in 
ABAQUS software [17]. 

Fig. 3 shows that 20 kHzf =  and 160 kHzf =  have 
the maximum and minimum deviations, respectively. There-

fore, 160 kHzf =  is appropriate for quasi-isotropic behav-
ior approximation. The literature presents that the appropriate 
space between array elements is / 2d l= . Accordingly, d  
at 160 kHzf =  is too small and is not suitable to arrange 
the phased array. Therefore, a frequency that is lower than 

160 kHzf =  is selected to achieve suitable d . In this 
study, 100 kHzf =  with the average phase velocity of 

( )( ),100 641.8 m/spavg c q =  and 6.418 mml =  is selected 
to arrange the phased array equally spaced with 

3 mmd = (Fig. 3). Note that at 100 kHzf = , the wave has a 
quasi-isotropic behavior because it is close to 160 kHzf = . 
The FML simulation is validated by obtaining the phase ve-
locity profile of mode 0A  at 100 kHzf =  using the transfer 
matrix method and simulation in ABAQUS software (Fig. 4). 
The phase velocity in various directions is approximately the 
same. Its profile also resembles a semicircle, such as isotropic 
plates (Fig. 4). In the simulations, a 12-element uniform linear 
phased array, which is equally spaced with 3 mmd = , is 
considered. The radius of each element is 1 mm. The array is 
located at the edge of the laminate. Moreover, the anti-
symmetric excitation method presented in Ref. [18] is used to 
generate mode 0A . A five-cycle ton-burst windowed by Han-
ning is applied to the actuators as the excitation signal. Eq. 
(11) indicates that the group velocity of mode 0A  in different 
directions should be calculated. Therefore, the group velocity 
profile of mode 0A  has been obtained using the simulation 
(Fig. 5). The healthy laminate is considered as a base model to 
be compared with the damaged laminate for damage detection. 
Therefore, the DAS and MVDR beamformers are first applied 

 
 
Fig. 3. Curvature of phase velocity standard deviations for mode 0A . 

 

 
Fig. 4. Comparison of phase velocity of mode 0A at 100 kHzf =
calculated through theory and simulation. 
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to the healthy FML [ / 0 / 90 ]sAl o o . For example, the resulting 
signals of the array at 88q = o  using the DAS and MVDR 
beamformers have been compared with the output of the first 
sensor in Fig. 6. This figure shows that both methods success-
fully eliminate the reflected waves from the laminate edges in 
other directions. A number of examples are presented in the 
following subsections to illustrate the damage detection pro-
cedure in the FML [ / 0 / 90 ]sAl o o  using the beamforming 
methods. 

 
3.1 Example 1: Laminate contains one delamination 

A delamination at the center of the laminate between the fi-
ber–epoxy and Al layers is examined in this example (Fig. 7). 
Two different cases are considered, including small and large 
delaminations, to study the effects of damage sizes on the 
output signals. 

 
3.1.1 Laminate contains one large delamination 

In this case, a square 2-by-2 cm2 delamination is considered 
at the center of the laminate [ / 0 / 90 ]sAl o o  between the first 
and second layers. Fig. 8 compares the resulting signals of the 
array at 88q = o  with the output of the first sensor of the ar-
ray. Two separate wave packets are observed at 1 168 μs,t =  

2 197 μst = , which are reflected waves from the front and rear 
edges of delamination, respectively. Consequently, calculating 

the delamination length using the time difference between two 
wave packets and Eq. (11) is possible. Fig. 5 shows that the 
group velocity of the wave is 1640 m/sgc = . Therefore, the 
locations of the front and rear edges of delamination are ob-
tained using Eq. (11): 1 13.77 cmx =  and 2 16.15 cmx = . The 
actual locations are 1 14 cmx =  and 2 16 cmx = . The minor 
errors are related to the use of the QIBA technique and a slight 
variation of the wave velocity in the delaminated structure. 

The entire laminate area is scanned by applying the MVDR 
and DAS beamformers to the output signals of the sensors in 
different angles ranging from 0q = o  to 180q = o  with an 
angle increment of 5o . The results are shown in Fig. 9, where 
the right figures refer to the healthy laminate and the left ones 
refer to the damaged laminate. A comparison of the healthy 
and damaged laminates indicates a large delamination at the 
center of the laminate. The location, size, and number of dam-
ages can be detected by laminate scanning. Fig. 9 shows that 
both the DAS and MVDR beamformers can identify the de-
lamination location and dimensions. However, the MVDR 

 
 
Fig. 5. Group velocity of mode 0A at 100 kHzf = calculated through 
simulation. 

 

 
 
Fig. 6. Comparison of array output using DAS and MVDR beamform-
ers with the output of the first sensor at 88q = o  for the healthy FML 
[ / 0 / 90 ]sAl o o . 

 

 
 
Fig. 7. Modeling of delamination in ABAQUS software. 

 

 
 
Fig. 8. Comparison of array output using DAS and MVDR beamform-
ers with output of the first sensor at 88q = o for FML [ / 0 / 90 ]sAl o o

containing a large delamination. 
 

 
 
Fig. 9. Comparison of healthy (right) and damaged (left) FMLs 
[ / 0 / 90 ]sAl o o  containing a large delamination using (a) DAS; (b) 
MVDR methods. 
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method more accurately reinforces the desired signals and 
eliminates the undesired ones. 

 
3.1.2 Laminate contains a small delamination 

In this example, the laminate contains a square 1-by-1 cm2 
delamination at the same location as that of the previous ex-
ample. The procedure mentioned in the previous example is 
repeated. Fig. 10 compares the resulting signals of the array at 

88q = o with the output of the first sensor of the array. This 
figure shows only one fairly wide wave packet instead of two 
separate wave packets such as those in the previous example. 
The reason is that the delamination is small. Therefore, two 
reflected waves from the front and rear edges of the delamina-
tion are integrated. Fig. 11 compares the scans of the healthy 
and damaged laminates obtained using the DAS and MVDR 
beamformers. A single, wide wave packet in Fig. 11 indicates 
a small delamination in the damaged laminate. 

3.2 Example 2: Laminate contains a delamination and an 
inclined crack 

The two different damages in the FML modeled in this ex-
ample are as follows: (1) a square 2-by-2 cm2 delamination at 
the same location as example (1) and (2) an inclined 2.2 cm 
crack with 0.25 mm depth on the first layer of the laminate 
[ / 0 / 90 ]sAl o o . The crack is modeled as a notch close to the 
laminate edges (Fig. 12). This example mainly aims to study 
the effects of the reflected waves from the laminate edges as 
well as the number, type, and angular position of the damages. 
The DAS and MVDR beamformers are applied to the output 
signals of the sensors. Fig. 13 compares the scans of healthy 
and damaged laminates. This figure indicates that both beam-
formers have acceptable results and can detect both damages 
in the laminate. However, the MVDR beamformer is more 
successful than the DAS beamformer in eliminating the inter-
ference waves and reinforcing the main beam. 

Moreover, each damage type is detected using the type of 
reflected wave packets (i.e., two separate reflected wave pack-

 
 
Fig. 10. Comparison of array output using DAS and MVDR beam-
formers with output of first sensor at 88q = o for FML [ / 0 / 90 ]sAl o o

containing a small delamination. 
 

 
Fig. 11. Comparison of healthy (right) and damaged (left) FMLs 
[ / 0 / 90 ]sAl o o  containing a small delamination using (a) DAS; (b) 
MVDR methods. 

 
 

 
 
Fig. 12. Model of delamination and inclined crack. 

 

 
 
Fig. 13. Comparison of healthy (right) and damaged (left) FMLs 
[ / 0 / 90 ]sAl o o  containing a large delamination and an inclined crack 
using (a) DAS; (b) MVDR methods. 
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ets and one narrow wave packet refer to a large delamination 
and crack, respectively). In previous research, damage loca-
tions are usually assumed to be far from the laminate edges, 
that is about 20 cm, to avoid the influences of the reflected 
waves that these edges cause. In this example, the smallest 
distance between the crack and the laminate edges is 5 cm. 
The proposed method can successfully detect damages even 
those very close to the laminate edges (Fig. 13). An important 
factor for these results is the selection of the appropriate exci-
tation frequency and Lamb mode. When damage is close to 
the laminate edges, if we select a low-velocity wave, the re-
flected waves from the edges and damages are less integrated 
with each other. Therefore, distinguishing these reflected 
waves is easy. This example shows that detecting the damage 
types even near the edges is possible by choosing the appro-
priate Lamb wave mode and excitation frequency. 

 
3.3 Example 3: Laminate contains two near delaminations 

Fig. 14 shows two modeled delaminations that are close to 
each other in the FML (i.e., a rectangular 1-by-2 cm2 delami-
nation and a square 1-by-1 cm2 delamination). The distance 
between the two damages is 1 cm. This example mainly aims 
to study the effect of damage closeness on signals. The DAS 
and MVDR beamformers are applied to the output signals of 
the sensors. The presented procedure can detect two damages 
that are very close to each other (Fig. 15). The damaged area 
is detectable, whereas the boundary between the damages is 
not very clear. The two separate reflected wave packets in Fig. 
15 refer to the presence of a large delamination, while the 
wide reflected wave packet refers to a smaller delamination. 

 
4. Conclusions 

This paper presents an applicable procedure to monitor the 
health of FMLs using the Lamb wave propagation method. 
The study mainly aims to (1) decrease the variation of ampli-
tude and velocity of Lamb waves in the FMLs using the QIBA 
technique; (2) detect the number, type, location, and size of 
damages that occur in the FMLs; (3) study the effects of two 
close damages on the output signals; and (4) diminish the 
effect of reflected waves from the laminate edges to detect the 

damages close to the edges. The beamforming and QIBA 
techniques are applied to a uniform linear phased array. The 
presented procedure is illustrated and validated by modeling 
two types of damages in a small FML [ / 0 / 90 ]sAl o o  includ-
ing small and large delaminations between the glass fiber–
epoxy and metal layers and the crack on the metal layer that is 
very close to the laminate edges. One of the most important 
factors in damage detection in composite materials is the se-
lection of appropriate excitation frequency and Lamb mode. 
Mode 0A  with the best excitation frequency is found using 
the QIBA technique. Two common beamformers (i.e., DAS 
and MVDR) are used. Their results are then subsequently 
compared. The present study provides the following contribu-
tions, which have not been clearly mentioned in previous pa-
pers: (1) Detection of multiple damages in small FMLs using 
Lamb waves and the beamforming technique; (2) identifica-
tion of the damage type using the reflected waves from dam-
ages (i.e., two separate reflected wave packets and one wide 
wave packet refer to a large delamination and a small delami-
nation, respectively, and one narrow wave packet refers to the 
presence of a crack); (3) detection of damage sizes (width and 
length) by a linear phased array; and (4) detection of the dam-
ages that occurred very close to the laminate edges or very 
close to each other. 
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