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Abstract

This study aims to use the passive and active acoustic-based health monitoring methods for 

impact damage assessment of composite structures. To this aim, a Carbon Fiber Reinforced 

Polymer (CFRP) composite plate was fabricated and subjected to a simulated low-velocity impact 

by performing repeated quasi-static indentation tests where a loading-unloading-reloading test 

profile with 5 repetitions was adopted. Two Acoustic Emission (AE) broadband sensors and a 

network of eight piezoelectric (PZT) sensors were attached on the composite plate surface. AE 

(passive method) was employed during the loading and reloading phases of the indentation tests 

to online monitor the critical damage occurrence and also specify the damage type while scanning 

of the plate with Lamb waves (active method) was done to localize the damage when the structure 

was unloaded. Felicity Ratio (FR) index which was calculated based on the AE data could 

accurately detect that critical damage occurred during the 5th loading-unloading-reloading stage 

when the structural integrity dropped to 60% of its initial stage. Furthermore, Lamb wave signals 

of central frequency 150 kHz localized the impact damage with error of 0.89 cm (3.6% error 

respect to the shortest dimension of the scanned area).

Keywords: Structural Health Monitoring; Impact Damage Diagnostics; Acoustic Emission; 

Lamb Waves, Image Reconstruction Algorithm.
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 Despite the key advantages of Fiber Reinforced Polymer (FRP) composites, they are 

susceptible to Barely Visible Impact Damage (BVID) under out-of-plane loadings [1, 2]. This type 

of damage can grow internally and reach a critical size without any detectable evidence on the 

structure surface [3]. Low-Velocity Impact (LVI) is a common transverse load that may be applied 

to an aircraft structure during ground operations, take-off, cruising, or landing such as falling a 

tool on the fuselage skin during the maintenance process, bird strike phenomenon during airplane 

landing or take-off, and impact of hailstones to the fuselage skin during a hailstorm [4]. Due to the 

difficulties of detecting this type of damage by visual inspection, especially for dark composite 

materials like Carbon Fiber Reinforced Polymers (CFRPs), Non-Destructive Testing (NDT) 

techniques seem to be a good candidate for BVID assessment in these materials. Among several 

techniques, i.e. ultrasonic C-scan [5, 6], active thermography [7, 8], vibration and modal analyses 

[9, 10], acoustic based methods such as Lamb waves [11-13] and Acoustic Emission (AE) have a 

great potential to be employed as Structural Health Monitoring (SHM) techniques which they can 

be permanently installed on the structure for in-situ health monitoring of the structure during its 

operational period.

Kumar Munian et al. [14] simulated the interaction of Lamb wave with multiple delamination 

in laminated composites. The results showed that the energy, wavelength and frequency of the 

Lamb wave may vary by changing the position of delamination through the thickness of the 

laminate. Ricci et al. [15] employed Lamb wave to detect debonding in a stiffened composite 

panel. The results showed that the group velocity of the first antisymmetric mode of Lamb wave 

was considerably affected by the presence of delamination in the structure and it could be used as 

a Damage Index (DI). Mustapha et al. [16] used Lamb wave for BVID assessment in sandwich 

composite panels. They used two approaches to define DI; Time Reversal (TR) method and the 

Lamb wave intensity reduction due to the interaction of the wave with the damage. The results 
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showed that DI values obtained from TR method are almost half of the DI values calculated based 

on the intensity reduction and therefore the localization error of TR is higher than the intensity 

reduction method. 

Some other researchers used AE as a passive acoustic-based technique for BVID assessment in 

laminated composites. These studies almost focused on two subjects; 1) Damage detection and 

classification, and 2) Damage localization. Saeedifar et al. [17, 18] employed AE to detect, classify 

and also trace the evolution of different damage mechanisms in CFRP plates under quasi-static 

indentation and LVI loading conditions. There are different approaches to localize damage in a 

composite plate using AE such as triangulation [19, 20], delta T-mapping [21, 22], multi-steps and 

optimizing techniques [23], etc. Most of the AE localization techniques such as triangulation need 

to know the material properties of the composite plate to accurately localize the damage. Although 

some newer methods such as delta T-mapping and multi-steps and optimizing techniques do not 

need to the material properties for damage localization, they have some implementation difficulties 

that restrict the implementation of these techniques for damage localization in anisotropic 

composite materials in Maintenance, Repair and Overhaul (MRO) industries. For example, delta 

T-mapping needs to huge numbers of data training before implementing this method for the 

damage localization or multi-steps and optimizing techniques need to a complicated arrangement 

of sensor clusters and also a time-consuming optimization process to achieve an accurate localizing 

result.

Therefore, each of active and passive acoustic-based methods (Lamb wave and AE techniques) 

has some advantages and disadvantages. For example, although Lamb wave technique can detect 

the regions with the highest damage probability regardless the material properties and geometry 

of the structure, it cannot give valuable information about the history of damage growth. This is 

due to the active nature of Lamb wave; i.e. Lamb wave inspection is usually performed when the 



4

structure is unloaded and therefore it does not have any information about the operation period of 

the structure. Combining Lamb wave with another passive NDE technique, i.e. AE, lets to move 

from the schedule-based to condition-based maintenance paradigm which has some advantages 

over the first one such as improving system reliability, increasing operational availability, and 

reducing the times and costs of maintenance operations [24-26]. Thus, in the present study, the 

active and passive acoustic methods (i.e. Lamb wave and AE) are used simultaneously to enable 

the SHM system to judge about the damage severity besides the damage location. This is achieved 

by combining the in-situ AE data recorded during the loading stage of the structure with the Lamb 

wave results which are obtained when the structure is unloaded.

This paper proposes a combination of active and passive acoustic-based methods for impact 

damage assessment of composite structures. To this aim, a CFRP composite plate was fabricated 

and subjected to a simulated LVI loading condition by performing some quasi-static indentation 

tests where a loading-unloading-reloading test profile was adopted. AE technique was employed 

during the loading and reloading phases to detect the critical damage occurrence and also classify 

different damage mechanisms while image reconstruction by Lamb wave was done to accurately 

locate the damage when the structure was unloaded. 

2. Experimental Procedures

2.1.  Description of the materials

A square panel with dimensions of 500 mm×500 mm×2 mm were manufactured by the CFRP 

prepregs with the layup specified in Table 1 and cured according to the manufacturer 

recommended cure cycle. 

Table 1. The layup of CFRP composite panels.

Ply Fiber orientation Fiber type
P1 0/90 PW
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P2 45 UD
P3 90 UD
P4 -45 UD
P5 0 UD
P6 0 UD
P7 -45 UD
P8 90 UD
P9 45 UD
P10 0/90 PW

PW: Plain Weave
UD: Unidirectional

2.2.  PZT Sensors

In order to generate uniform guided waves in all directions, circular disk PZT sensors supplied 

by PI Ceramic GmbH were used. The specifications of the PZT disks are reported in Table 2.

Table 2. The specifications of the PZT sensors [27].

Specifications Value Unit

Commercial Name
PI Ceramic 000053020 with 

silver wrap-around 
electrodes

-

Material PIC255 -

Shape Circular disk -

Diameter 6.50 [mm]

Thickness 0.25 [mm]

Resonance frequency 308 [kHz]

2.3.  AE system

In order to in-situ record AE activities of the composite plates under loading condition, two 

broadband, resonant-type, and single-crystal piezoelectric transducers from Vallen Systeme 

GmbH, AE1045S-VS900M, with two external 34 dB pre-amplifiers were utilized as the AE 

sensors. The optimum operating frequency range of the AE sensors was [100–900 kHz]. An 
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AMSY-6 Vallen, 8-channel AE system with 4 parametric input channels and the maximum 

sampling rate of 10 MHz was used to perform the AE measurements. The threshold of the 

receiving AE signals and sampling rate were 40 dB and 2 MHz, respectively. The Duration 

Discrimination Time (DDT) and Rearm Time (RAT) were 200 µs and 400 µs, respectively. 

Sonotech Ultrasonic Couplant was applied between the sensor and specimen surfaces to get an 

appropriate acoustical coupling. The functionality of the AE sensors and the data acquisition 

system was checked by proceeding a pencil lead break test according to ASTM E976 standard 

[28].

2.4.  Test methods

This section describes the preliminary tests to obtain the baseline signals for the Image 

Reconstruction Algorithm (IMRA) and it explains the tests that were performed to localize the 

damage in the sequential indentation tests.

2.4.1. Baseline test

Eight PZT sensors were attached on the top face of the composite panel in a rectangular 

arrangement shown in Fig. 1.a.
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Fig. 1. a) PZT sensors arrangement, and b) the clamped instrumented panel. 

The utilized equipment for baseline test is shown in Fig. 2. The function generator Agilent 

33500B Series was employed to generate Hanning-windowed sinusoidal tone burst excitation 

signals with a sampling frequency of 250 MHz and a 10V peak-to-peak amplitude. In addition, the 

effect of excitation frequency on the IMRA results was investigated by repeating the baseline tests 

for four different excited signals with the central frequencies ranging from 150 to 450 kHz in steps 

of 100 kHz. In order to eliminate the effect of clamping fixture and the temperature variations on 

the wave measurement, both of baseline and current state measurements were performed on the 

clamped panel at the same room temperature (see Fig. 2.b).

Fig. 2. a) The schematic, and b) the real view of the experimental setup for baseline tests 
(test apparatus description: (a) Agilent 33500B Series waveform generator, (b) panel with 

attached sensors, (c) preamplifiers with a gain of 34 dB, (d) Vallen AMSY-6 acoustic signal 
processor, and (e) laptop with Vallen Acquisition and Vallen Visual TM software).
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2.4.2. Sequential indentation tests

Because of the quasi-static indentation tests can provide meaningful evidence of the damage 

events occurring during a LVI [29-30], the initiation and evolution of BVID in the scoping panel 

were studied using five designed sequential quasi-static indentation tests where a step-by-step 

increasing load (saw tooth shape) was applied to the specimens (see Fig. 3). The load is introduced 

by pushing a semi-spherical indenter with diameter of 37 mm by a Zwick 20 kN 

tensile/compression machine. The indentation load was applied under displacement control 

condition with the displacement rate of 2 mm/min at the position of X= 280 mm and Y= 320 mm 

from the specimen corner (see Fig. 4). The passive AE system was utilized to monitor the damage 

state during the loading stage and active PZT sensors were employed to explore the BVID location 

when the panel was unloaded (between two consecutive load cycles). In the loading stages, the 

panel was loaded up to the moment that a load drop in the force-displacement curve occurred. 

Then, the panel was unloaded. The maximum displacement and load for these five load cycles are 

presented in Table 3. The schematic and real views of the experimental indentation tests are shown 

in Fig. 4. 

Fig. 3. The sequential increasing indentation load.
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Table 3. Maximum displacement and load for different load cycles.

Load cycle Maximum displacement
[mm]

Maximum load
[kN]

LC1 8.4 2.31
LC2 9.1 2.86
LC3 9.7 3.36
LC4 12.3 5.67
LC5 13.4 6.99

Fig. 4. a) The schematic of impact location and configuration of sequential indentation 
tests (test apparatus description: (a) indenter, (b) AE sensors, (c) composite panel, (d) 

preamplifiers with a gain of 34 dB, (e) Vallen AMSY-6 acoustic signal processor, and (f) 
laptop with Vallen Acquisition and Vallen Visual TM software), and b) the experimental 

test apparatus for sequential indentation tests.

3. Image Reconstruction Algorithm (IMRA)
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The proposed IMRA localizes BVID zone in the impacted panel by calculating the similarity 

of the recorded Lamb waves for the current state with the baseline state. IMRA contains 4 

following steps:

1. Each PZT functions as an actuator while all other PZTs act as the receiver. This process is 

iterated for all network PZT disks in the baseline and current states. 

2. DI is calculated based on the similarity between the Lamb waves of the current state and 

baseline (subsection 3.1). 

3. The Pixel Influence Weight (PIW) is calculated for each actuator-receiver pair (subsection 

3.2).  

4. The obtained results for different actuator-receiver pairs are combined to create a damage 

probability contour over the inspected area (subsection 3.3).

3.1.  Damage index

DI is defined for each path of the PZTs network and shows the effect of damage on the desired 

path. Two damage indices are defined based on Pearson Correlation Coefficient (PCC) and signal 

energy.

3.1.1. Pearson correlation coefficient

The PCC shows the linear similarity between two signals by a real value between -1 and +1, 

which PCC of -1 shows completely opposite behavior of two signals and PCC of +1 illustrates that 

two signals have completely the same trend and finally PCC of 0 shows that there is no correlation 

between two signals. PCC ( ) is calculated by Eq. (1) [31]:𝜌

𝜌 =
𝐶𝐵𝐷

𝜎𝐵𝜎𝐷
(1)

𝐶𝐵𝐷 =
𝐿

∑
𝑙 = 1

(𝑋𝐵(𝑙) ‒ 𝜇𝐵)2 ∙ (𝑋𝐷(𝑙) ‒ 𝜇𝐷)2
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𝜎𝐵 =
𝐿

∑
𝑙 = 1

(𝑋𝐵(𝑙) ‒ 𝜇𝐵)2

𝜎𝐷 =
𝐿

∑
𝑙 = 1

(𝑋𝐷(𝑙) ‒ 𝜇𝐷)2

where subscripts B and D denote baseline and damaged states (current state), respectively. CBD 

is the covariance between two the signals, σ is the standard deviation of signal, µ is the signal mean 

value, X is the signal samples, and L is samples number. The DI based on PCC is calculated as 

follows:

𝐷𝐼𝑝𝑒𝑎𝑟𝑠𝑜𝑛 = 1 ‒ |𝜌| (2)

DIpearson is varying from 0 to 1, which 0 indicates no damage state and 1 shows the highest 

damage probability.

3.1.2. Signal energy

A portion of the energy of a traveling Lamb wave in a damaged structure may be dissipated by 

the reflection and scattering of the wave due to its interaction with the damage. Thus, change in 

the arriving signal energy (ED) in comparison with the baseline signal energy (EB) can be 

considered as a damage indicator (DIenergy).

𝐷𝐼𝑒𝑛𝑒𝑟𝑔𝑦 =
𝐸𝐵 ‒ 𝐸𝐷

𝐸𝐵
(3)

𝐸𝐵 =
𝐿

∑
𝑛 = 1

(𝑋𝐵(𝑛)2)

𝐸𝐷 =
𝐿

∑
𝑛 = 1

(𝑋𝐷(𝑛)2)

3.2.  Pixel influence weight
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The PIW assumes that the probability of the damage for a specific path decreases with 

increasing the distance from the path. This work is done by the probability ellipse. To create the 

probability ellipse, first, the inspected area should be meshed in x and y coordinates, according to 

Fig. 5(a). Then, the probability distribution forms an ellipse that the two PZT sensors act as the 

focal points. The effect of the damage located outside the ellipse’s boundaries on the sensing path 

is considered zero. To create the probability distribution inside the ellipse, a shape factor, β, is 

defined so that on a straight line between the sensors, the PIW is maximum, 1, and it linearly 

decreases to 0 on the ellipse’s boundaries.

The probability ellipse is calculated by Eq. (4). For every pixel on the grid, (x, y), first the R 

value is created. R indicates the ratio of the length of the major axis, a, over the distance between 

the two focal points, |AR|. (XA, YA) and (XR, YR) are the coordinates of the actuator and receiver, 

while (x, y) indicates the location of the pixel and S(x, y) represents the PIW [31, 32].

𝑅(𝑥,𝑦) =
(𝑋𝐴 ‒ 𝑥)2 + (𝑌𝐴 ‒ 𝑦)2 + (𝑋𝑅 ‒ 𝑥)2 + (𝑌𝑅 ‒ 𝑦)2

(𝑋𝑅 ‒ 𝑋𝐴)2 + (𝑌𝑅 ‒ 𝑌𝐴)2
(4)

𝑆(𝑥,𝑦) =
𝛽 ‒ 𝑅(𝑥,𝑦)

𝛽 ‒ 1  ;  𝑓𝑜𝑟 𝛽 > 𝑅(𝑥,𝑦)

𝑆(𝑥,𝑦) = 0 ;  𝑓𝑜𝑟 𝛽 ≤ 𝑅(𝑥,𝑦)

The boundaries of the ellipse are controlled by shape factor β (Eq. (5)) which is usually 

considered a value between 1.02 and 1.6 [33, 34]. By try and error, the shape factor of 1.05 is 

considered for the present study. 

𝑎 = 𝛽 ∙ |𝐴𝑅| ;    𝑀𝑎𝑗𝑜𝑟 𝑎𝑥𝑖𝑠 (5)

𝑏 = |𝐴𝑅| ∙ 𝛽2 ‒ 1 ;  𝑀𝑖𝑛𝑜𝑟 𝑎𝑥𝑖𝑠

According to Eq. (4) and Fig. 5(b), the direct path between the actuator and receiver has S(x, 

y) value of 1 while on the ellipse’s boundaries S(x, y) value reduces to 0. 
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Fig. 5. a) An example of meshed area, and b) PIW distribution.

The next step in IMRA is the data fusion. The obtained DI and PIW values should be fused to 

create the damage probability contour over the inspected area.

3.3.  Data fusion

For all the paths, the corresponding DIa-r (a subscript denotes “actuator” and r subscript denotes 

“receiver”) value is first multiplied to the corresponding PIWa-r(x, y) for all the pixels and then the 

pixel intensity (Pint(x, y)) is determined by taking the sum over all paths [31]. Fig. 6 shows the data 

fusion for two paths.

𝑃𝑖𝑛𝑡(𝑥,𝑦) =
𝑚

∑
𝑎 = 1

𝑛

∑
𝑟 = 1

𝑃𝐼𝑊𝑎 ‒ 𝑟(𝑥,𝑦) ∙ 𝐷𝐼𝑎 ‒ 𝑟 (6)

Fig. 6. The data fusion of two paths in IMRA.

4. Results and Discussions
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The results are presented in two sections. First, AE results are utilized to detect the critical 

damage state in the specimen, then Lamb wave is employed to localize the damaged zone in the 

composite plate.

4.1.  Critical damage detection by AE

The specimens were subjected to the five sequential indentation loads according to section 

2.4.2. The AE was used for in-situ monitoring of the induced damages in the specimens during the 

loading stage and Lamb wave was employed to localize the damaged zone in the specimen when 

it is unloaded between two consecutive load cycles. Fig. 7 shows the curves of AE amplitude and 

load versus time for the five load cycles. As can be seen, the considerable AE activities of load 

cycles 1 and 2 (LC1 and LC2) are almost initiated at the end of loading stages, while some AE 

activities with the amplitude lower than 60 dB are seen at the initial stage of load cycles LC3 and 

LC4. In addition to the aforementioned initial AE activities, another group of AE activities with 

the amplitude higher than 60 dB is seen at the initial stage of load cycle LC5. According to 

literature review [35, 36], the most common damage mechanisms in laminated composites are 

matrix cracking, delamination, and fiber breakage and the amplitude distribution of these damage 

mechanisms is as follows: matrix cracking [40-60 dB], delamination [60-80 dB], and fiber 

breakage [80-100 dB]. Accordingly, the evolution behavior of different damage mechanisms in 

load cycles LC1 to LC5 can be explained. Regardless the presence of a few matrix cracks at the 

initial stage of load cycle LC1, a considerable number of matrix cracks and also some delamination 

and fiber breakages occur at the end of load cycle LC1. It is noticed to define stable and unstable 

damage growth. During the reloading cycle, a damage mechanism has a stable evolution behavior 

when the AE signal of the damage mechanism does not initiate before the maximum load of the 

previous loading cycle and it has an unstable evolution behavior when the AE signals of the 

damage mechanism initiates before the load reaches to the maximum value of the previous loading 
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cycle. Thus, due to the fact that there is not any considerable AE activity at the initial stage of load 

cycle LC2, it can be concluded that all the damage mechanisms have a stable evolution behavior 

in load cycle LC2. Whereas, the initial matrix crack AE activities at load cycles LC3 and LC4 

illustrate the fact that matrix crack has an unstable evolution behavior in these load cycles. 

However, due to the fact that matrix cracking is not usually considered as a critical damage mode 

individually [18], this point is not considered as the critical damage state of the plate. At the initial 

stage of load cycle LC5, some delamination AE activities are found that show the unstable 

behavior of delamination growth for this load cycle. Because of delamination is usually considered 

as the most critical damage mechanism in laminated composites that may lead to catastrophic 

fracture of the structure, load cycle LC5 can be considered as the critical damage state of the 

structure. The C-scan image of the panel after load cycle LC5 is shown in Fig. 8 which a 

considerable damaged area is seen at the impact location. The system used to scan the panel is a 

Midas NDT system with Zeus software. It has one transmitter and one receiver transducers with a 

frequency of 10 MHz, and the specimens were placed in-between. The scanning speed used was 

200 mm/min.
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Fig. 7. AE amplitude and load versus time curves for the 5 load cycles.

Fig. 8. The C-scan image of the panel after load cycle LC5.

Fig. 9 shows AE energy and load versus time curves for the five load cycles. The maximum 

load of the previous load cycle and its corresponding time are illustrated on the vertical and 

horizontal axes. Similar to Fig. 7, the AE activities of load cycles LC1 and LC2 are initiated at the 
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high load levels while some low energy AE activities are seen from the initial stage of loading at 

load cycles LC3 and LC4 which are probably related to matrix cracks. The high energy AE 

activities in load cycles LC3 and LC4 are initiated after the maximum load level of the previous 

load cycle that shows there is not a critical unstable damage growth in the material yet. However, 

initiation of high energy AE activities at the load levels lower than the maximum load of the 

previous load cycle in load cycle LC5 illustrates the presence of a critical damage with an unstable 

growth behavior in the material.

Fig. 9. AE energy and load versus time curves for the five load cycles.

In order to accurately detect the critical damage occurrence and also specify the severity of 

damage, Kaiser and Felicity effects are employed. Kaiser effect states that the considerable AE 

activities during the reloading cycle for an intact structure should initiate in the proximity of the 

maximum load of the previous load cycle. While Felicity effect states that observing the 

considerable AE activities at the load level less than the maximum load of the previous load cycle 
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is a sign of the presence of the critical damage in the structure [37]. In order to quantify damage 

severity, Felicity Ratio (FR) index is defined as follows:

𝐹𝑅 =
𝑃𝐴𝐸

𝑃𝑚𝑎𝑥
(7)

where  is the corresponding load to the initiation of the considerable AE activities in the 𝑃𝐴𝐸

current load cycle and  is the maximum load of the previous load cycle. FR values equal or 𝑃𝑚𝑎𝑥

greater than 1 illustrate Kaiser effect and FR values less than 1 show Felicity effect. FR index 

decreases by the increase of damage severity. Fig. 10 shows cumulative AE energy versus load 

curve for the five load cycles. Kaiser effect can be easily seen for load cycles LC2 to LC4, while 

Felicity effect is obviously seen for load cycle LC5. The FR indices for load cycles LC2 to LC5 

are illustrated in Fig. 11. As can be seen, the FR indices of load cycles LC2 to LC4 are larger 

than1, validating the Kaiser effect while FR index of load cycle LC5 is considerably less than 1 

that illustrates Felicity effect. 

Fig. 10. Cumulative AE energy versus load curve for the five load cycles.
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Fig. 11. FR indices for load cycles LC2 to LC5.

4.2.  Damage localization by Lamb wave

According to the aforementioned procedure in section 3, Lamb wave was employed between 

each two consecutive load cycles to localize the damaged zone in the composite plate. In addition, 

the best excitation frequency of the PZT actuator should be selected to accurately localize the 

damage zone. To this aim, the PZT actuator was excited by four different frequencies. Fig. 12 

shows the predicted damage location by the IMRA for these excitation frequencies at load cycle 

LC4. The real location of the impact event is shown by a circle on the images. The pixel with the 

highest intensity shows the predicted location of damage in each image. The localization error of 

the algorithm (Euclidean distance between the real impact location and the pixel with the highest 

intensity) for different excitation frequencies is reported in Table 4. As can be seen, increasing the 

excitation frequency leads to higher localization errors. This is due to the fact that the increase of 

the excitation frequency decreases the Lamb wave’s wavelength which causes the wave to become 

more sensitive to smaller damage types such as intralaminar matrix cracks that subsequently leads 

to higher values of DI. Moreover, due to the bias induced by the algorithm during data fusion, an 
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increase in DI leads to relatively higher pixel intensities at the center of the sensors network where 

the most paths will overlap. Therefore, the excitation frequency of 150 kHz was finally selected 

for the damage localization in load cycles LC1 to LC5.

Fig. 12. Image reconstruction at load cycle LC4 for different excitation frequencies, a) 
DIPearson, and b) DIEnergy. 

Table 4. The damage localization error at load cycle LC4 for different excitation 
frequencies.

DIPearson DIEnergy
Real impact 

location Predicted damage 
location

Predicted damage 
location

Excitation 
frequency 

(kHz)
X (cm) Y (cm) X (cm) Y (cm)

Error 
(cm)

X (cm) Y (cm)

Error 
(cm)

150 28.2 31.2 0.82 29.0 31.0 1.41

250 25.2 27.2 5.56 37.6 37.2 10.92

350 28.4 20.8 11.21 23.6 25.6 7.77

450

28.0 32.0

22.4 26.4 7.92 24.0 25.6 7.55
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The damage localization contours and the localization error for load cycles LC1 to LC5 are 

shown in Fig. 13 and Table 5, respectively. As can be seen, by increasing the applied load from 

load cycle LC1 to load cycle LC5, the pixel intensity rises considerably that shows the severity of 

damage in the material is continuously increasing. The results illustrate that DIEnergy and DIPearson 

could localize the critical damage detected by AE in load cycle LC5 with the maximum 

localization error of 0.89 cm and 1.00 cm, respectively. 
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Fig. 13. Image reconstruction for the five load cycles, a) DIPearson, and b) DIEnergy.
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Table 5. The damage localization error for the five load cycles.

DIPearson DIEnergy
Real impact 

location Predicted damage 
location

Predicted damage 
location

Load 
cycles

X (cm) Y (cm) X (cm) Y (cm)

Error 
(cm)

X (cm) Y (cm)

Error 
(cm)

1 23.8 26.4 7.00 24.2 26.4 6.77

2 23.4 26.2 7.40 26.6 31.8 1.41

3 23.6 26.6 6.97 28.4 31.8 0.45

4 28.2 31.2 0.82 29.0 31.0 1.41

5

28.0 32.0

28.6 31.2 1.00 28.4 31.2 0.89

5. Conclusion

This study used the combination of passive and active acoustic-based health monitoring 

methods for impact damage assessment in laminated composites. A CFRP composite plate was 

fabricated and subjected to a sequential increasing indentation load. AE was used to in-situ detect 

the critical damage occurrence in the specimen during the loading stage. To this aim, FR index 

calculated based on the AE cumulative energy was used to identify the critical damage occurrence 

which is corresponded to unstable delamination growth in the material. Lamb wave was then 

employed to accurately localize the damaged zone in the composite plate when the plate was 

unloaded between two consecutive load cycles. The proposed IMRA located the damaged zone by 

comparing the current state Lamb wave with the baseline Lamb wave and introducing two damage 

indices DIPearson and DIEnergy. The results illustrated that DIEnergy has a better performance to localize 

the critical damage with the maximum localization error of 0.89 cm (3.6% error respect to the 

shortest dimension of the rectangular scanned area). Finally, this study showed that the 
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combination of passive and active acoustic-based methods can be used for effective critical impact 

damage assessment in composite structures. 

Data availability

The raw/processed data required to reproduce these findings cannot be shared at this time as 

the data also forms part of an ongoing study.
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