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ABSTRACT 

This work focuses on the rapid determination of Acoustic Emission (AE) wave propagation velocity in composite 

laminate and sandwich structures using a closed-form formula. Firstly, a classical closed-form model proposed in the 

literature is extended to determine the acoustic wave velocity in any direction in a composite laminate or sandwich 

structure; then a corrective factor has been defined to improve the calculation accuracy; finally, a parameter, called 

correlation ratio has been introduced to describe the relation between acoustic wave velocity in the composite skin and 

that in the sandwich panel. This strategy has been validated by two types of composite sandwich panels: one is 

honeycomb sandwich structures with CFRP composite laminate skins; the other is balsa sandwich with GFRP skins. It 

is demonstrated that acoustic wave velocity in the sandwich is dominated by the skin property, namely the elastic 

modulus of the skin, the density of the constituents, the core and skin thickness. Moreover, only by measuring the 

velocity in one direction, the velocity in any direction of composite structures can be predicted accurately and quickly. 

This work lays the first foundations for the establishment of numerical and experimental models necessary to improve 

the damage localization of composite structures. 
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1. Introduction 

Thanks to the outstanding mechanical behaviors such as high specific stiffness and strength, good bending resistance 

and energy absorption property, honeycomb sandwich structures with Carbon Fiber Reinforced Polymer (CFRP) skins 

have become widely applied in the aeronautic industry, while the balsa sandwich with Glass Fiber Reinforced Polymer 

(GFRP) skins is more popular in the naval field due to lower costs [1-3]. However, the typical anisotropic properties of 

honeycomb and balsa materials make it difficult to characterize the complicated mechanical behavior of the whole 

sandwich structure [4]. Specifically, due to the unique cell shape of the honeycomb structure, the shear stiffness in the L 

orientation is usually higher than that in the W direction (see Fig. 1) [5]. Balsa wood is less stiff and weaker in the 

tangential and radial directions, compared to the axial direction. It has been proved that the mechanical properties of 

balsa material in the three directions are as a function of the density [6-8]. Concerning composite laminate skins, their 

stiffness and strength also greatly depend on the material constituents: fiber and matrix, stacking sequence and the 

thickness. Therefore, the nature of laminate skins, thickness and density of the core material determine together the 

stiffness and the strength of the composite sandwich structure [9]. Thus, it is of great challenge to quantify the stiffness 

degradation caused by damage evolution in the complex sandwich structure under loading. It still remains a hotspot to 

locate the damage zone and identify the damage type such as skin delamination, fiber breakage, skin-core debonding 

and core shear damage [10-11]. Over the last decades, Non Destructive Testing (NDT) methods have become effective 

tools to detect and monitor the damage evolution in composite structures, especially Acoustic Emission (AE) and 

ultrasonic method [12-13]. 

AE technique listens to the radiation and propagation of elastic waves in a structure when there are growing and 

irreversible internal changes. As a promising Structural Health Monitoring (SHM) method developed in recent years, 

AE technique has increasingly played an important role in the damage mechanism identification and classification, 

damage source localization and severity assessment, owing to its dynamic and continuous monitoring of the damage 

initiation and evolution in real time [14-16]. Particularly, the most important concerns are to know exactly when and 

where damages appear, making it necessary to precisely characterize the acoustic wave propagation property, including 

wave attenuation and velocity [17-18]. In order to measure the acoustic wave propagation velocity, ultrasonic method 

which is based on the acoustic wave reflection through the thickness is usually used for composite laminates. Indeed, it 

needs a probe for the signal emission and reception, and the wave mainly propagates along the depth. As a result, the 

measured velocity is limited by the local region, making it more inaccurate for the anisotropic structures, especially 

when internal damages exist [19-20]. In contrast, without the repeated scanning procedure, AE method is more efficient 

by simply generating the pencil lead breaks (Hsu-Nielsen test) [21-22] on the structure surface to simulate the artificial 

acoustic wave source and using fixed sensors to receive the acoustic signals in any direction and position. 

Theoretically, for infinite thin plates, when the wavelength is much larger than the plate thickness, Lamb wave is 

thought to be the dominated propagation wave. The understanding of the acoustic wave modes is usually based on the 

classical plate wave theory, which assumes that there exist two wave modes, the extensional/longitudinal (S0) wave and 

flexural wave (A0). Due to the Poisson effect, both modes consist of the in-plane and out-of-plane components. But the 

traditional extensional wave velocity equation is used to predict only the in-plane wave propagation, while the flexural 

wave velocity equation mainly presents the out-of-plane mode [23]. In application, wideband sensors [24] are often 

located on the surface of the plate to distinguish between the two wave modes, where the extensional wave having 

higher velocity and frequency. H. Khon [25] found that the delay time of the flexural mode will decrease when 

increasing the frequency and reducing the sensor-source distance. Michael R. Gorman [26] investigated the effects of 

the artificial AE source orientation angle on the velocity, showing that the extensional wave is the predominant at the 

smaller pencil lead breaking angle. Consequently, using the narrowband sensor with relatively lower resonance 

frequency and the larger sensor-source distance can reduce the interference of the slower flexural mode on the received 

extensional wave signals.  

Nowadays, most researches concerning the application of AE technique in composite structures are concentrated on 

thin laminates [27]. Few works on the AE wave propagation property [28-30] could be found about composite sandwich 

structures, especially on the theoretical AE wave velocity analysis. For an isotropic plate or thin orthotropic laminate, 

AE wave velocity is considered as a function of in-plane Young’s modulus, Poisson’s ratio, and the density of the 

material [21-23]. However, it is not clear whether the traditional acoustic wave velocity formula can be applicable to 

thick anisotropic and heterogeneous sandwich structures. In order to apply AE technique to monitor complex damage 

evolution in composite sandwich structures, the further investigation and demonstration on the AE wave velocity shall 

be necessary and worthy. These elements will be the new construction basis of numerical and experimental models 

necessary for the improvement of the damage localization and the implementation of repair operations. Since the 

degradation of materials is directly related to the variation of propagation properties of acoustic waves, it will be 

necessary to include corrective terms being able to integrate internal changes of the monitored structure in real time in 
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the models. Finally, the real-time communication between tests and calculations will be an essential step to be 

considered in the evolution of models. 

Therefore, the work presented here consists in understanding which parameters influence the velocity in composite 

sandwich structures. Firstly, AE wave velocities of two kinds of composite laminates were measured and compared 

with those from a theoretical model. And then a corrective factor has been introduced to improve the prediction of AE 

wave velocity by the closed-form theoretical model for any composite laminate. Finally, to describe the relation 

between AE wave velocity in the composite laminate skin and that in the sandwich panel, a correlation ratio has been 

firstly proposed. 

2. Materials and testing methods 

2.1. Materials and specimens 

Two different sandwiches (see Fig. 2) and the corresponding constituent panels are tested in this work. All sandwich 

panels have two identical symmetrical skins. For the CFRP-honeycomb sandwich, tests on constituents have been 

performed on single CFRP laminates made from three plies of unidirectional prepreg with lay-up of [0o/90o/0o], CFRP-

honeycomb sandwich panels using CFRP [0o/90o/0o] skins and single core with different materials and thicknesses. The 

CFRP-honeycomb sandwich specimen’s dimensions and material constants [31] are shown in Table 1 and Table 2 

where E1 is longitudinal modulus, E2 is transverse modulus, G12 is in-plane shear modulus, ν�� is Poisson’s ratio of 

unidirectional laminate and ρ is the material density. For the GFRP-balsa sandwich, tests have been performed on the 

3-layer woven balanced GFRP laminate of [0o]3, a single balsa wood panel and the GFRP-balsa sandwich panel with 

balsa core and [0o]3 GFRP skins. The GFRP-balsa sandwich specimen’s dimensions and material constants [32-33] are 

shown in Table 3 and Table 4. In Fig. 2. (b), we can notice the particular structure of the balsa, which consists of small 

pieces glued to each other, and thus a large plate is formed. 

2.2. Testing methods 

The typical AE system mainly includes the pencil, the sensors, the couplant, the pre-amplifier, the analogue filters 

and the acquisition system (Mistras AEwin software with USB-AE node). Among them, the selection of the proper 

sensor, threshold, pre-amplifier, analog-filter, Peak Definition Time (PDT), Hit Definition Time (HDT) and Hit 

Lockout Time (HLT) are the most important factors affecting the testing sensitivity and accuracy. First of all, 

concerning the choice of sensor, due to the difference of the attenuation property of sandwich constituent material, a 

compromise has been made by using R6α sensor whose resonance frequency is 60 kHz for all the specimens [34]. The 

threshold determines the system sensitivity to the environmental noise, which is set by 30 dB. The pre-amplifier is 40 

dB, and the analog-filter is in the range of 20 kHz -1 MHz. PDT is 35 μs, HDT is 150 μs, and HLT is 300 μs. All these 

parameters were validated during the preliminary tests. 

For each panel mentioned above, according to Hsu-Nielsen test, pencil lead breaking is conducted at least 10 times 

for AE wave propagation in one direction, and the test is repeated every 15° between 0° and 90° to study the direction 

effects on AE wave velocity (see Fig. 3). The velocity has been measured on the basis of the difference of the arrival 

times between the two sensors mounted on top surface of the panel (see Fig. 4), as given by Eq. 1: 

 � = �∆	 = �	
�	� (1) 

Where, t2 and t1 are the arrival times at the maximum amplitude at each sensor, respectively; D is the distance 

between the two sensors S1 and S2, which is 100 mm; D1 is the distance between S1 and the source, which is 50 mm. 

As mentioned in the introduction, the plate wave theory [21-23] is often used to analyze the acoustic wave 

propagation velocity when the thickness is much smaller than the other two dimensions of the plate. It is complicated to 

distinguish between the extensional and flexural wave modes, but the velocity measured in the standard Hsu-Nielsen 

test is proved to be dominated by the extensional wave [22, 26]. For an infinite isotropic plate, the longitudinal wave 

velocity, CL can be expressed as Eq. 2: 

   �� = � �� ����
�   (2) 

Where ρ is the specimen density, E is Young's modulus, ν is Poisson's ratio. 

For an orthotropic composite laminated plate, CL is thought to be related to the in-plane longitudinal elastic modulus, 

E11. The formula is often given by Eq. 3 [23]: 

 �� = � ���� ����
�
�  (3) 

Where E11 and ν�� denote the in-plane Young's modulus and Poisson’s ratio respectively in 1 direction. 

In this work, in order to determine the extensional wave velocity in any direction, x is defined by an angle θ 

measured from 1 direction, we try to extend Eq. 3 to Eq. 4 as following: 
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 ����� = � ������ ���������
� (4) 

Where ρ is the structure density; E��θ� and ν���θ�  are Young's modulus and Poisson's ratio in the measured 

direction x, associated with angle θ; recall that ν���θ� denotes the ratio of strain in the y direction over that in the x 

direction when there is stress in the x direction. Herein the composite constants E��θ� and ν���θ� in any direction  

can be determined easily by the classical laminate theory. 

3.Results and discussions for composite laminates 

3.1. AE wave velocity in the CFRP laminate skin 

AE wave velocity in the thin CFRP skin of [0o/90o/0o] is tested between 0° and 90° with a measurement step at 15°, 

and it is compared to the calculated velocity by Eq. 4, as shown in Fig. 5. The measured velocities (red line) and 

analytical values (purple dotted line) show the similar variation tendency along different directions, with the highest 

velocity in 0o and the lowest in 60o. The maximum error between the measurements and calculated velocities by Eq. 4 is 

15.57% in 15o, and the minimum error is 12.92% in 0o. 

It is obvious that the direction has large influence on the AE wave velocity, with the max difference of 3400 m/s 

between 0° and 60°. The velocity in 0° with two plies of fibers is a little higher than that in 90° direction with only one 

ply of fibers. In conclusion, the farther it is away from the most fiber orientation, the lower the velocity will be. It 

indicates that the effects of the propagation direction on the velocity shall be considered when locating the damages in 

the composite structures. 

According to the consistent variation tendency, it gives us an inspiration that only by measuring the AE wave 

velocity in the 0o direction where the error is the smallest, we can modify Eq. 4 to get the more precise velocity in any 

direction just by introducing a corrective factor, a. If this corrective factor is defined as the ratio of measured CL in 0o 

over the CL calculated by Eq. 4 in the same direction, the velocity in any direction can be determined by Eq. 5: 

 ����� =  ∙ � ������ ���������
�  (5) 

Where   = "#$%&'()%*��+,-�"#.&/0(/&1%*��+,-� = "#$%&'()%*��+,-�
�����+,-� � ��������+,-�
�2 . 

Applying this idea to the case of the thin CFRP skin, the corrective factor can be determined: 

 = "#$%&'()%*��+,-�"#.&/0(/&1%*��+,-� = 4567 8/:577, 8/: = 1.148  

The results obtained from measurements, Eq. 4 and Eq. 5 are compared in Fig. 5. It can be seen that the max error 

between the measured velocity (red line) and the calculated value (blue dotted line) by Eq. 5 is only 3.05% in 15o, 

which is largely reduced, compared to that of 15.57% in 15o if using Eq. 4. 

In fact, the corrective factor, a, reflects the system error between the theoretical acoustic wave formula and the real 

propagated velocity in the composite structure, such as the influence of other wave propagation modes, the sensors’ 

distance and sensitivity, as well as the test environment like sound noises. This factor is considered constant for a given 

composite system, independent of the AE wave propagation direction. 

3.2. AE wave velocity in the GFRP laminate skin 

Similarly, AE wave velocity in the 3-layer woven GFRP skin panels is tested every 15° between 0° and 90°, as 

shown in Fig. 6. In this case, by application of Eq. 5, the corrective factor is obtained by: 

 = "#$%&'()%*��+,-�"#.&/0(/&1%*��+,-� = >675 8/:>��� 8/: = 1.212  

The comparison of the measured velocities (red line) and calculated values by Eq. 4 (purple dotted line) and Eq. 5 

(blue dotted line) are plotted in Fig. 6. The measured and analytical velocities show the similar variation tendency along 

different directions, with the highest in 90o and the lowest in 45o. Compared to the max difference of 3400 m/s in the 

CFRP panel, the propagation direction has smaller effects on the velocity variation in the woven GFRP panel, with the 

max measured difference of only 540 m/s between 0° and 45°. It demonstrates further that the [0o/90o/0o] CFRP and the 

3-layer woven GFRP laminates have the different behavior, which is mainly because the former has the most fiber 

oriented at 0°, while the later has the same number of fibers oriented at 0° and 90°. 

The max error between the test and calculation results by Eq. 4 is 22.65% in 60o, and the minimum error is 17.51% 

in 0o. By using the modified formula Eq. 5, the max error is highly reduced, with only 6.23% in 60o.  
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4.Results and discussions for composite sandwich structures 

4.1. AE wave velocity in CFRP-honeycomb sandwich structures 

4.1.1. Comparison of the measured velocity and calculated value 

Similar to the approach applied to the pure laminate skin, AE wave velocity between 0° and 90° in the CFRP-

honeycomb sandwich specimen A is firstly tested, and compared to the analytical results from Eq. 4 (purple dotted line) 

and the modified model Eq. 5 (blue dotted line), as plotted in Fig. 7, where the corrective factor is determined by: 

 = "#$%&'()%*��+,-�"#.&/0(/&1%*��+,-� = 55�7 8/:75�> 8/: = 1.148  

It is observed that the test and theoretical velocities show a similar variation tendency along different directions, 

with the highest velocity in 0o and the lowest in 60o. The max error between test and calculation results by the modified 

Eq. 5 is largely reduced to only 3.69% in 30o, compared to the max 13.04% by Eq. 4. It is verified that the improved AE 

wave velocity formula Eq. 5 can also be effective for the thick composite sandwich structure. In this way, plenty of time 

and experimental efforts can be saved. 

4.1.2. Correlation between AE wave velocity in the skin and sandwich 

Fig. 8 compares the measured AE wave velocities in sandwich A and those measured on the pure laminate skin of 

CFRP [0o/90o/0o]. It can be seen that the velocity in the skin is always higher than that in the sandwich whatever the 

acoustic wave propagation direction; their variation along different directions has the similar tendency with the highest 

velocity in 0o and lowest in 60o. 

A possible explanation for this phenomenon is that the AE wave velocity in a sandwich structure is dominated by 

the skin property, and the existence of honeycomb core with much lower modulus and density mainly contributes to the 

small velocity decrease. Moreover, considering the effects of coupling of multiple propagation wave modes, the out-of-

plane flexural mode contributes more to the acoustic wave attenuation in thicker sandwich structure, which results in 

the higher velocity dispersion compared to the thinner laminate skin. In addition, the air in the hollow honeycomb core 

cell may cause the acoustic wave attenuation. 

The similar velocity variation tendency indicates that the direction effects on the elastic modulus and Poisson’s ratio 

result in the variation of AE wave velocity along different directions in both the laminate and sandwich structures. From 

this observation, it is now interesting to know whether there is a simple relationship between the wave propagation 

velocity of a composite sandwich structure and that of their composite skin.  

Based on multimaterial beam theory [35], the equivalent modulus of sandwich structure E:�θ� can be obtained by 

the combination of that of the core and that of the two skins: 

@:��� ∙ A = @B��� ∙ 2ℎBℎ: ∙ A + @E��� ∙ ℎEℎ: ∙ A 

Where A is the cross-section area of a sandwich beam; EF�θ� and EG�θ� are the elastic modulus of the skin and the 

core, respectively. hs, hc and hf are the thickness of the sandwich, of the core and of the skin, respectively.  

Then E:�θ� can be expressed as: 

 @:��� = @B��� ∙ �HIH' + @E��� ∙ H0H'  (6) 

Using the specimen dimensions and material parameters in Table 1 and Table 2, the density of sandwich A can be 

obtained by Eq. 7: 

 J: = ��I∙HIK�0∙H0H'   (7) 

Hence, ρL�A� = 183 kg/m>. 

Substituting Eq. 6 and Eq. 7 into Eq. 4, AE wave velocity in a sandwich structure can be given by Eq. 8: 

 ��:��� = � ������'���������
� = ��RS���∙TSKRU���∙TU��I∙HIK�0∙H0 ∙ ����������
�   (8) 

Eq. 8 indicates that the acoustic wave velocity in the sandwich structure is mainly determined by the elastic modulus, 

the density and thickness of the constituent materials. For sandwich structure, Ec is much smaller than Ef (see Table 2 

and 4). In the case of EG�θ�hG 2EF�θ�hF⁄ < 5% , the contribution of EG�θ� to E:�θ� can be ignored with less than 5% 

error, which means hG < 0.1hFEF�θ�/EG�θ�, and then Eq. 6 becomes: 

 @:�θ� = @B�θ� ∙ �HIH' = @B�θ� ∙ �HI�HIKH0 = @B�θ� ∙ �
�Kc0cI

  (9) 

This expression shows that the modulus of sandwich can be obtained from that of the skin multiplied by a 

geometrical coefficient: 2/(2+hc/hf). The higher the ratio of the core thickness over that of the skin is, the lower the 
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contribution of the skin modulus will be. If the skin thickness remains the same, the thicker core will result in lower 

elastic modulus of sandwich structure. 

According to the theoretical calculation, Poisson’s ratios of the skin and the sandwich are nearly the same in the 

same direction for commonly used sandwiches. Hence, from the AE wave velocity formula, the correlation ratio of the 

wave velocity in the sandwich over that in the skin, R, is proposed by Eq. 10: 

 d = "#'���"#I��� = ��'����I��� ∙ �I�'    (10) 

Substituting Eq. 7 and Eq. 9 into Eq. 10, it becomes: 

 d = �ef����eg��� = h �HI�HIKH0 ∙ �I∙��HIKH0� 2Jg∙ℎg+Ji∙ℎi = h ��I∙ HI2Jg∙ℎg+Ji∙ℎi = h �2+j0jIc0cI
 (11) 

Eq. 11 works well with a condition of hG�kl� < 0.1hFEF�θ�/EG�θ�. It signifies that the correlation between AE 

wave velocity in the sandwich and in their skin is mainly determined by the density and thickness of the constituent 

materials. 

Theoretically, when hc is 0, R becomes 1, corresponding to the pure laminate skin. If hc≠0, 0<R<1. Considering the 

application condition of Eq. 11, hc has a max limitation by hG�kl� < 0.1hFEF�θ�/EG�θ�. The main problem is that the 

different variation tendency of elastic modulus of the core and skin along different directions makes it complex to give 

an accurate value of EF�θ�/EG�θ�. Furthermore, the system error of the use of R could be caused by the same reasons as 

those for Eq. 5. Το simplify the analysis, we predict hG�kl� by modulus of core and skin in 0o direction. Although it 

may cause larger error between 15o and 75o directions, the average error is proved to be acceptable.  

For CFRP-honeycomb (Nomex) sandwiches (A and C), the hG�kl� at θ = 0° for Eq. 11 is about 60 mm from the 

material parameters in Table 1 and Table 2. Applying Eq. 11 to sandwich A (hc=18mm), R equals to 0.87. This value is 

compared to the measured results in Fig. 9. Good agreement has been observed. The average measured ratio R in 

different directions is about 0.86. It demonstrates that Eq. 11 can be used to predict the AE wave velocity in a sandwich 

structure from the corresponding velocity in the skin. Thus, there is no need to make lots of efforts to repeat Hsu-

Nielsen tests to study AE propagation properties of both the skin and sandwich structure in all the directions. In fact, it 

can save at least 4 hours of test time to obtain the precise velocities in both the skin and sandwich in all directions. 

4.1.3. Validation of the proposed model using correlation ratio R  

In order to validate the above proposed approach, the CFRP-honeycomb sandwich specimen B (aluminum core with 

hc=30 mm) and C (Nomex core with hc=60 mm) have been studied. The AE wave velocities between 0° and 90° in 

sandwich B and C were measured and compared with those of sandwich A (Nomex core with hc=18 mm) and those of 

the skin in Fig. 10. The measured velocities in the skin, sandwich A, B and C show the similar variation tendency along 

different directions, with the highest velocity in 0o and the lowest in 60o. The thicker the core is, the lower the wave 

velocity in sandwich structure will be. The farther it is away from the most fiber direction, the larger the velocity 

difference between the different sandwich panels will be. It means that the core thickness has larger effects on the 

acoustic wave velocity in the directions with fewer fiber contents. 

The no�pqr at s = t° is about 60 mm for CFRP-honeycomb (Nomex) sandwiches (A and C) and 200 mm for 

CFRP-honeycomb (Aluminum) sandwich (B). Now if Eq. 11 is applied to sandwich B and C, the correlation ratio R of 

sandwich B and C can be obtained, equals to 0.82 and 0.70, respectively. Fig. 11 compares the theoretical and measured 

correlation ratio of sandwich B and C. The average tested correlation ratio of sandwich B is 0.84, and it is 0.80 for 

sandwich C. Obviously, the thicker the core is, the larger the error between the tested ratio and theoretical value by Eq. 

11 will be. One explanation could be that the contribution of the Poisson’s ratio of the core should not be ignored when 

the core thickness is much larger. Then going back to Eq. 8, the correlation ratio becomes: 

 u = vwx�s�
vwy�s� = h z

z+{o{ynony
∙ �|−~y�s�z��|−~x�s�z�                  (12) 

Eq. 12 shows that the correlation ratio can be affected by the direction via Poisson’s ratio, which can be reflected by 

the red curves in Fig. 9 and Fig. 11. An interesting phenomenon is that correlation ratio by Eq. 12 shows the similar 

variation tendency to the tested ratio, with the highest in 0o and 90 o, lowest between 30o and 60 o. Theoretically, the 

thicker the core is, the larger the Poisson’s ratio of the sandwich in 0o and 90 o will be, but lower between 15 o and 75 o. 

Thus, for sandwich structure with a thicker core, the theoretical correlation ratio by Eq. 12 is lower than that by Eq. 11 

between 15 o and 75 o. But in 0o and 90 o, the correlation ratio by Eq. 12 is almost the same as that by Eq. 11 even for the 

60 mm thick core. And the max error between tested ratio and value by Eq. 12 is 18.58% in 15o for 60 mm cored 

sandwich. However, the error between average tested ratio and that obtained from Eq. 11 is only 14.30%. Hence, the 

influence of Poisson’s ratio of the tested sandwich structures in Eq. 12 seems too accentuated to be applicable. In 
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addition, considering the acoustic wave propagation modes, due to the Poisson effect, the out-of-plane flexural wave 

has more influences on the received signals if the core is thicker, which will result in higher acoustic wave attenuation 

and measurement error. This phenomenon can also explain why the tested correlation ratio is much higher than the 

theoretical ratio by Eq. 11 and Eq. 12 for the thicker sandwich structure.  

In conclusion, Eq. 11 can be effectively used to predict the AE wave velocity in most common sandwich structures 

from the velocity in the corresponding skin. Even though the core of the sandwich is thicker, the difference between 

average tested correlation ratio and calculation value by Eq. 11 should be acceptable. For core thickness smaller than 60 

mm, the model proposed has been demonstrated to be accurate enough.   

4.2. AE wave velocity in GFRP-balsa sandwich structure 

4.2.1. Comparison of the measured velocity and calculated value 

Substituting the specimen dimension and material parameters in Table 3 and Table 4 into Eq. 7, the density of the 

balsa cored sandwich specimen can be obtained: ρL�D� = 307 kg/m>. 

In the similar way, AE wave velocity between 0° and 90° in the GFRP-balsa sandwich specimen can be calculated 

by Eq. 4 and then by Eq. 5 with the corrective factor equaling to 1.218.  

The calculated velocities by the original model Eq. 4 (purple dotted line) and modified one Eq. 5 (blue dotted line) 

are compared to the measured values (red line), as shown in Fig. 12. The measured and analytical values show almost 

the similar variation tendency along different directions, with the highest velocity in 90o and the lowest in 45o. The max 

error of the results from the modified model Eq. 5 is reduced to 10.55% in 15o, compared to the max error 19.48% in 

90o of the results from Eq. 4. The error is less reduced compared to that of the honeycomb sandwich structure, which is 

mainly due to the special anisotropic material property, higher acoustic attenuation and the adhesions of different balsa 

wood blocks in the balsa cored sandwich (see Fig. 2. (b)). 

4.2.2. Correlation between AE wave velocity in the skin and sandwich 

Fig. 13 compares the measured velocities in GFRP-balsa sandwich with those measured on the pure GFRP skin and 

balsa core. It is observed that AE wave velocity in the sandwich is always higher than that in the core but lower than 

that in the skin whatever the wave propagation direction is; the variation as a function of wave propagation directions in 

the sandwich and the skin have nearly the similar tendency, with the highest velocity in 0o and lowest in 45o.  

Particularly, for pure balsa panel, the acoustic wave velocity is much lower, with lowest in 0o
 and within a range of 

850-1000 m/s. It is interesting that the propagation direction has little effect on the acoustic wave velocity in balsa wood 

panel, with a very small standard deviation in each direction. This is mainly because the balsa panel is homogenized 

after the reconstruction of gluing small wood blocks, and it is a little different from the original anisotropic wood 

material. Compared to pure honeycomb core, balsa wood panel is less affected by the original material property. 

For GFRP-balsa sandwich, the hG�kl� at θ = 0° for Eq. 11 is about 11 mm, so the model is acceptable for balsa 

core of 10 mm in this paper. Fig. 14 also shows that Eq. 12 gives the similar variation tendency to the tested values, 

with the highest in 0o and 90o, and lowest between 30o and 60o. The theoretical correlation ratio by Eq. 12 is almost the 

same as that by Eq. 11 in 0o and 90o, but much lower between 15o and 75o. Eq. 11 gives the value of the correlation ratio 

R= 0.75, which is consistent with the average measured ratio of 0.74. It demonstrates once again that Eq. 11 can be used 

to evaluate the AE wave velocity in any direction in the common sandwich structure from the velocity in the 

corresponding skin when hG < 0.1hFEF�θ�/EG�θ�, whatever the constituent materials are. 

5. Conclusions 

In this paper, Hsu-Nielsen AE tests are carried out to characterize the acoustic wave propagation velocity in the 

anisotropic composite laminate and sandwich structures. Velocity is proved to be an essential parameter for the damage 

localization by AE. The relationship between the AE wave velocity and the elastic modulus of the composite structure 

is investigated quantitatively by comparing the test results and the velocities calculated by an analytical model. These 

results are encouraging and they can benefit the future development of experimental and numerical models allowing to 

improve the damage localization of both the laminate and sandwich structures. The main conclusions include: 

1. The traditional acoustic wave velocity formula has been extended to determine the AE wave propagation 

velocity in any direction in a composite laminate. And then the model is modified by introducing a corrective 

factor, which is defined as the ratio of the measured velocity over the calculated value in the 0o direction. Thus, 

only by measuring the wave velocity in 0o, the velocity in any direction of the composite structure can be 

predicted accurately and quickly, which can save a lot of experimental costs. Indeed, the calculated and 
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measured velocities show the similar variation tendency along different directions in the same composite 

laminate. It also indicates that the effects of propagation direction on the AE wave velocity cannot be ignored 

when localizing the damages by AE technique. 

2. The modified acoustic wave velocity formula can also be effective for the complex composite sandwich 

structures, and results are similar to those of the thin laminate skins. 

3. Due to the similar variation tendency of the AE wave velocity along different directions in the pure laminate 

skin and sandwich structure, it is possible to use the modified acoustic wave velocity formula to identify the 

velocity in the two types of structures from a calibration in one direction. A correlation ratio which reflects the 

direct relationship between the AE velocity in the sandwich and that in the skin is proposed. It is confirmed that 

AE wave velocity in the sandwich is dominated by the skin property, namely the elastic modulus of the skin, 

the density of the constituent materials, the core and skin thickness. As a consequence, the AE wave velocity in 

any direction in the sandwich structure can be predicted correctly by the velocity in the same direction in the 

skin panel when hG < 0.1hFEF�θ�/EG�θ�, whatever the constituent materials are.  

In summary, based on this study, the AE wave velocity in a sandwich structure can be obtained either by the 

modified acoustic wave velocity formula or by the correlation ratio from the velocity in the corresponding skins. By the 

latter approach, velocity can be predicted without the complex fabrication process of the sandwich structure.  

Eventually, a new 3-step strategy of rapid determination of AE wave propagation velocity is proposed for most 

usually used composite sandwich structures: 1- Measure the AE wave velocity of the composite skin in one direction; 2- 

Calculate the corrective factor proposed in this paper to determine the velocity in all directions of the composite skin by 

Eq. 5; 3- Determine the correlation ratio by Eq. 11, and then the velocity in any direction of a sandwich can be predicted. 

Although the proposed method can predict rapidly the AE wave propagation velocity in any direction in a composite 

laminate or composite sandwich structure with acceptable precision, it is demonstrated that the relative error of the 

prediction could increase with the thickness of the sandwich core. In order to give quantitatively the relationship 

between the precision of the prediction and the core thickness, much more experimental and analytical works have to be 

realized in the future.    
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Figures (Color should be used for any figures in print.) 

 
Fig. 1. L and W orientations of honeycomb core due to the fabrication process [5]. 
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    (a)                                       (b)  

Fig. 2. The tested sandwich panels: (a) CFRP-honeycomb sandwich panel. (b) GFRP-balsa sandwich panel. 

 
Fig. 3. Schematic diagram of the positions of sensors and source on the tested panel between 0° and 90°. 

    
    (a)                                (b)  

Fig. 4. Positions of the sensors and source (in 0° direction) on the tested sandwich panels: (a) CFRP-honeycomb 

sandwich panel. (b) GFRP-balsa sandwich panel. 

 
Fig. 5. Comparison of measured acoustic wave velocity and calculated value of [0o/90o/0o] CFRP panel. 

 
Fig. 6. Comparison of measured acoustic wave velocity and calculated value of 3-layer woven GFRP panel. 
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Fig. 7. Comparison of measured acoustic wave velocity and calculated value in CFRP-honeycomb sandwich A. 

 
Fig. 8. Comparison of measured acoustic wave velocity in sandwich A and CFRP skin panel. 

 

 

Fig. 9. Correlation ratio of AE wave velocity in CFRP-honeycomb sandwich A over that in the skin. 

 

Fig. 10. Comparison of measured acoustic wave velocity in CFRP-honeycomb sandwich panels with different core 

thickness. 
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(a)                                                (b) 

Fig. 11. Correlation ratio of AE wave velocity in CFRP-honeycomb sandwiches over that in the skins: (a) Correlation 

ratio of sandwich B. (b) Correlation ratio of sandwich C. 

 

Fig. 12. Comparison of measured acoustic wave velocity and calculated values in GFRP-balsa sandwich. 

 
Fig. 13. Comparison of acoustic wave velocity in GFRP-balsa sandwich, GFRP skin and balsa core panel. 

 

Fig. 14. Correlation ratio of AE wave velocity in GFRP-balsa sandwich over that in the skin. 

 

Tables  

Table 1 CFRP-honeycomb sandwich specimen dimensions. 

Specimens Core materials Length (mm) Width (mm) hs (mm) hc (mm) hf (mm) 

A Nomex honeycomb 300 300 19.5 18 0.75 

B Aluminum honeycomb 300 300 31.5 30 0.75 

C Nomex honeycomb 300 300 61.5 60 0.75 
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 Where hs, hc and hf are the thickness of the sandwich, the core and the skin, respectively. 

 

Table 2 Material parameters of CFRP-honeycomb sandwich. 

Constituents E1 (GPa) E2 (GPa) G12 (GPa) ν�� ρ (kg/m3) 

Carbon fibre T800H 152.4 9.2 4.3 0.35 1800 

Nomex honeycomb 0.138 0.138 0.032 0.35 48 

Aluminum honeycomb 0.019 0.019 0.003 0.10 45 

 

Table 3 GFRP-balsa sandwich specimen dimensions. 

Specimen Core material Length (mm) Width (mm) hs (mm) hc (mm) hf (mm) 

D Balsa wood 300 300 11 10 0.5 

 

Table 4 Material parameters of GFRP-balsa sandwich. 

Constituents E1 (GPa) E2 (GPa) G12 (GPa) ν�� ρ (kg/m3) 

Woven glass fibre 20 20 2.85 0.13 1900 

Balsa wood 

(BALTEK SB.100) 
0.092 0.092 0.187 0.23 148 

 




