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Abstract 
 

This paper presents a combined finite element simulation and experimental analysis of 

damage-induced acoustic emission (AE) in advanced sandwich composite structures 

(ASCS). Towards this, finite element analysis of AE-wave propagation in a 

honeycomb-core ASCS with AE-sensor network is carried out in ABAQUS. The 

numerical simulation results are then successfully verified with laboratory experiments. 

Finally, the most probable damage source locations are effectively identified using the 

registered AE signals. A thorough assessment of different damage-source locations was 

carried out to evaluate the performance of the proposed online AE-source monitoring 

technique. The results distinctly represent the effectiveness of the proposed online 

monitoring framework for detecting damage growth/initiation induced AE-source 

locations in such multi-layered complex structures. Moreover, the proposed framework 

does not depend upon the operator’s expertise. 
 

Keywords: acoustic emission; advanced sandwich composite structure; AE-sensors; 

damage; online structural health monitoring. 

 

 

1.  Introduction 
 

Advanced sandwich composite structures (ASCSs) are widely used as lightweight 

construction materials in the Marine, Aeronautic, and Automobile industries due to their 

high stiffness-to-weight ratio, high load carrying capacity, higher acoustic insulation, 

moisture/water resistance, fire resistance, and construction flexibility [1]. But, the 

ASCSs are often prone to damages/debondings that may lead to a catastrophic failure of 

the overall structural assembly [2-5]. Therefore, it is important to monitor such damage 

symptoms in advance. Acoustic emission based structural health monitoring (SHM) 

techniques offer online monitoring potential for such damage initiation in the structures 

[6]. The AE is the propagating elastic-waves originated from a sudden release of strain 

energy during the initiation/extension of cracks/flaws in the structures. In the process, 

the AE-sensors record the wave motion that follows damage initiation/propagation 

events and transforms them into electric-waveforms that can help in understanding the 
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nature of deterioration level. The AE based techniques have the global monitoring 

potential which uses only the damage-source induced energies and does not require any 

externally supplied energy [7]. 

Many authors [8-16] proposed different AE based monitoring techniques for 

damage detection in composite structures. The popular AE based damage inspection 

techniques are time of arrival, long-term average and short-term average window, delta-

T mapping, modal acoustic emission, parameter-correction and the two-step hybrid 

techniques [9-19]. In most of the literature, the pencil lead-break damage (LBD) is 

considered as the AE-source in the laboratory environment. The rise-times of LBD 

sources are represented by various forcing functions, such as- step-function, cosine bell 

function, and linear-function. These forcing functions are proposed for numerical 

simulation of LBD-source and a better understanding of the numerical and analytical 

results was found for the cosine bell functions [20-21].  

Perhaps, most of the previous studies were limited to thin anisotropic plate-like 

structures. In this paper, a detailed analysis of AE propagation and an AE source 

monitoring framework are considered for the ASCS that involved structural 

complexities like hexagonal honeycomb core and multi-layer carbon-fiber-reinforced 

composite (GFRC) skins. A finite element analysis based numerical simulation and a 

piezoelectric AE-sensor network based experimental analysis on the AE wave 

propagation and real-time damage-source identification in an ASCS is presented. Finite 

element based numerical simulations of AE-wave propagation in ASCS have been 

carried out in ABAQUS. Laboratory experiments are performed on an ASCS sample 

using broad-band AE-sensors. The damage-source locations are identified using a 

damage source localization technique. 

 

 

2.  Laboratory experiment 
 

An AE based experimental setup is configured in the laboratory for damage-source 

monitoring in a sample ASCS (450 mm × 600 mm × 12 mm) is shown in Figure 1.  

 

 
Figure 1.  Experimental AE set up for the monitoring of sample ASCS. 
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In the experimental setup, 8-numbers of R6D AE-sensors along with high-pass Filters 

and primary amplifiers are connected to a multi-channel Express 8 AE instrument 

(manufacturer: Physical Acoustics Corporation, USA) and a desktop computer as shown 

in Figure 2. The sensor coordinates are listed in Table 1. In the AE system, an 8-channel 

AE-board is present which is operated using a waveform-processing software (AE-win). 

The same settings are maintained for all the study cases. A predefined threshold value 

of 49 dB is fixed for the employed AE-sensors in order to effectively eliminate the 

system noise.  

 
Table 1. AE-sensor locations on the ASCS sample. 

Sr. No. Sensor  X (mm) Y(mm) 

1 1 75 50 

2 2 75 200 

3 3 75 350 

4 4 75 500 

5 5 375 550 

6 6 375 400 

7 7 375 250 

8 8 375 100 

 

In the experiment, the pencil-lead breaks (Hsu-Nielsen) sources are used as the 

damage source to generate of damage-induced AE signals [21]. In order to generate the 

Hsu-Nielsen (H-N) source, a mechanical pencil’s lead is steadfastly pressed against the 

sample plate surface till the lead breaks. The pressure applied through the pencil lead 

deforms the structure’s surface and the localised accumulated stresses at the lead-break 

region are then instantly release at the moment of lead-break, which causes elastic-wave 

that propagates through the target structure. The H-N source is often used in the AE 

based testing as this damage source is easy to handle in the laboratory as well as in the 

field-testing purpose.  

 
Table 2. Lead-break damage locations on the sample ASCS. 

Sr. No. Sensor X (mm) Y(mm) 

1 LB-damage#1 225 100 

2 LB-damage#2 300 250 

3 LB-damage#3 150 375 

4 LB-damage#4 300 500 
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In the study, the LBD sources are applied to the ASCS surface at four different 

randomly selected locations: LB-damage#1, LB-damage#2, and LB-damage#3 as 

described in Table 2. The prime intention of this study is to establish a baseline study 

for the combined finite element simulation and experimental analysis of AE in the 

ASCS.  

 

 

3.  Numerical Simulation 
 

A series of three-dimensional (3D) finite element simulations of AE-wave propagation 

in the ASCS is conducted in ABAQUS. The ABAQUS Explicit Code is used for 

numerical modeling of the experimental ASCS (13.5 mm × 450 mm × 600 mm) as 

shown in Figure 2. In ABAQUS, the C3D8R linear brick elements are used to model the 

ASCS. The element size used for the GFRC Face-sheet: 0.5 mm × 0.5 mm × 0.05 mm, 

Core: 0.5 mm × 0.5 mm × 0.5 mm, and for the Adhesive-layer: 0.5 mm × 0.5 mm × 

0.01 mm. The layer-wise elastic material properties of the ASCS are described in Table 

3. 

 

 
Figure 2. Finite element model of the ASCS showing the AE-sensor locations and the pre-defined 

PLB damage source locations. 
 

Table 3. ASCS material properties 

Layer  

 

E1 

(GPa) 

E2 

(GPa) 

E3 

(GPa) 

G12 

(GPa) 

G23 

(GPa) 

G13 

(GPa) 
12 13 23  

(kg/m3) 

t 

(mm) 

Face 105.3 105.3 16.887 38.33 3.93 3.93 0.30 0.11 0.11 1550 0.74 

Core 0.081 0.081 1.6121 0.0321 0.096 0.096 0.25 0.025 0.025 32 12 

Epoxy 0.50 0.485 0.485 0.175 0.175 0.175 0.40 0.40 0.40 1250 0.02 

 

The H-N source loading function (Figure 3) is applied in the numerical simulation to the 

predefined LBD-source locations. The H-N source loading function is described in [21] 

as- 

.
i i

i

w f u                                                         (1) 
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where ‘w’ represents the variation of work due to the force ‘fi’ and ‘ i
u ’ is the virtual 

displacement in the equilibrium state according to the virtual work principle. The 

formulation was described in detail in [21]. The LBD source locations- LBD#1, LBD#2, 

LBD#3, and LBD#4 in the experimental analysis (ref. Table 2) are kept equal to the H-

N source locations H-N source#1, H-N source#2, H-N source#3, and H-N source#4, 

respectively in the numerical simulation. 
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Figure 3: Graphical representation of the H-N-source applied in the simulation. 

 

 

 

4. Damage-source detection algorithm 
 

The LBD induced AE-source in the ASCS is detected by using a time-of-arrival 

technique based AE-source detection algorithm which uses the experimental or 

numerical sensor signals registered at the employed AE-sensor network (ref. Figure 1).  
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Figure 4. Schematic representation of the damage source detection using AE-sensors. 

 

A simplified schema of the sensor network composed of only four AE-sensors is shown 

in Figure 4. The sensor positions are assumed as S1 (0,0), S2 (x,0), S3 (x,y), and S4 (0,y) 

where P(x,y) is the AE source location and the distances from P to S1, S2, S3, and S4 is 

assumed to be D0, D1, D2, and D3, respectively. Now, if the time-of-arrivals of the AE-

signal to reach sensors, S1, S2, S3, S4 are assumed as t1, t2, t3, t4 and the corresponding 

time delays to reach S2, S3, S4 with respect to S1 is Δt2, Δt3, Δt4 and the distances 

corresponding to these delays are ΔD0, ΔD3, and ΔD4, respectively, then the distance can 

be calculated as- 

                                                                       0i i
D D D                                          (2) 

where i = 1-4 and the corresponding distance, D can be obtained as-   

                                              2 1 2

2 2

1* ( ) ( )D V t x x y y                                    (3) 

Each arrival time difference, Δt entails a location difference to the sensor relative to the 

first sensor as- 

                                                             2 1
2 1

V

D D
t t

                                                  (4) 

Using basic geometry and time-velocity relationships, The damage-source locations (P) 

can be estimated in terms of time-delays (Δt), sensor-spacing (D), and directional wave-

velocity (V(θ)) to determine the most probable source coordinates (x,y) for the known 

AE signal propagation velocities in the target structure.  

 

 

5.  Results and discussion 
 

5.1. Numerical and experimental AE-signals 

 

The numerical and experimental AE signals are registered from the assigned AE-sensor 

network described in Figure 1 and Figure 2. The finite element simulation and 
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experimental signals have shown a good agreement in all the study cases. A typical 

numerical AE-signal registered at Sensor-8 corresponding to the applied H-N source#1 

is presented in Figure 5. Similarly, the filtered experimental AE-signal received from 

the Sensor-8 and LBD-source#1 is presented in Figure 6.  

 

0 150 300 450 600
-1.00

-0.75

-0.50

-0.25

0.00

0.25

0.50

0.75

1.00

N
o
rm

a
liz

e
d
 a

m
p
lit

u
d
e

Time (s)

Numerical AE signal

 

 

 

Figure 5. Numerical AE signal received at the Sensor 8 corresponding to the applied H-N source#1. 
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Figure 6. Experimental AE signal (filtered) received at the Sensor 8 corresponding to the applied 

LBD#1. 
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5.2. Detection of damage-source locations 

 
The proposed time-of-arrival calculation based damage-source detection algorithm has 

been employed to interrogate the possible damage/AE-source locations in the sample 

ASCS. In order to check the efficiency and robustness of the technique, multiple 

randomly selected LBD-source locations (ref. Table 2) within the AE-sensor network 

(ref. Figure 1) have been considered and the corresponding damage location maps are 

presented in Figure 7. 

 

  
                                    (a)                                                                  (b) 

  
                                    (c)                                                                 (d) 

Figure 7. AE-source detection maps due to the applied LBD at (a) source#1, (b) source#2, (c) 

source#3, and (d) source#4, respectively. 
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The obtained AE-source localization maps clearly represent the capability of the 

monitoring technique for efficient identification of unknown damage-source locations in 

the structure. 

 

 

6.  Conclusion 
 

An AE based damage-source identification technique for the ASCS is presented in this 

paper. A good agreement is found between the finite element based numerical 

simulation and experimental results. The proposed damage-source detection algorithm 

has shown its capability to detect the LBD-source locations within the assigned sensor-

network. Perhaps, the inspection capacity of the proposed online strategy is limited for 

detecting one damage-location at a time, and a multi-damage source inspection strategy 

would be more effective and realistic for monitoring real-life in-service structures under 

variable loading and operating conditions.  
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