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Abstract

Aircraft structures, which are manufactured increasingly using composite materials, present several difficulties for the location of
damages using Structural Health Monitoring (SHM) techniques due to their mechanical properties (anisotropy, wave propagation,
stiffness, etc.). In this study, the RAPID (Reconstruction Algorithm for Probabilistic Inspection of Damage) algorithm was used to
detect and locate damages in a small surface thermoplastic composite material sample, using Lamb waves generated and recorded
with piezoelectric transducers (PZT).
Some types of damage cause inaccurate predictions, mainly due to their size and location, in this case, especially when the damage 
is close to a direct path between transducers, and provides a masked detection. Our new proposal for the enhanced RAPID algorithm
solves this issue, by performing a geometrical modification which corrects the elliptical distribution on the intersection points.
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1. Introduction

The objective of Structural Health Monitoring (SHM) systems is to analyze, in a similar way of traditional Non-
destructive testing (NDT) systems, the damage state of a structure, achieving the highest degree of automation as 
possible (Balageas et al., 2010). One of the most widely used technologies is using PZT (Giurgiutiu et al., 2003), 
which, combined with dedicated electronic systems (Aranguren et al., 2013), make it possible to monitor the structure 
in an efficient way, using the principle of Lamb waves (Lamb, 1917). 

 
For the detection and location of possible damages, the use of algorithms such as that proposed by Michaels et al., 

2008 (delay-and-sum), or by Zhao et al., 2007 (RAPID), make it possible to obtain a good analysis of the structure.
For the proposed PZT distribution, the RAPID algorithm is the most appropriate.
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However, due to the size of the damage caused and, mainly, to the geometric distribution assigned by the algorithm
to each point, the presence of the damage is sometimes masked. To avoid this issue, a correction for this algorithm has
been proposed.

2. Test set-up

In this study, a thermoplastic matrix sample was tested (Figure 1). Several PZT (DuraAct, from Piceramic) were
attached to its surface and several tests were carried out using different frequencies. In Table 1 the material of the
sample is detailed.

Figure 1. At left, undamaged thermoplastic specimen with 12 PZT. At right, specimen schematic.

Table 1. Material characteristics

Type of
matrix

Matrix polymer / Carbon fiber Layers Ply thickness
(mm)

Stacking sequence

Thermoplastic Tenax-E TPCL PEEK-HTA40/ Tenax -E 
HTA40 3K

9 0.31 [0/90/+45/-
45/0/90/+45/-45/0]

A small damage was generated to test the algorithm. This damage is a shallow hole of 1 mm depth and 7 mm radius
(Figure 2), located at x=120, y=120 (mm) (the origin of coordinates is at transducer number 1).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.prostr.2019.08.103&domain=pdf
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Figure 2. Detailed location:.at left, location of the damage; at right, detail of the damage. 

Some tests at several excitation conditions were carried out, using both baseline and baseline-free methods. Some 
conditions provide inaccurate results using standard RAPID algorithm (Figure 3). 

Figure 3. Results using 300 kHz sine tone burst excitation (left) and 350 kHz (right). Pink square is real position of the damage, and black point is 
the predicted location (coordinates in cm, third value is the final damage index). 

The results show the location matching with the intersection point between two direct paths, where the geometrical 
distribution value is higher. In order to decrease the effect of this phenomena, a shape function was applied to the 
standard algorithm.  

3. Algorithm modification proposal

The RAPID algorithm assigns a damage value (Signal Difference Coefficient, SDC) according to the difference of
the signals in two different states of damage, and an elliptical value for the area of influence (E) (Zhao et al., 2007). 
The problem is the more intersections between paths, the higher the apparent damage rate, which can cause masking 
(Figure 4). 
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Figure 4. Most intersected point in the plate.

In order to avoid this effect, a correction value was proposed, which is assigned according to the proximity of the
analysis point to all the intersection points of the transducers paths, reducing its final value. The final correction is the
following Gaussian function, applied to each point value (Figure 5).

Figure 5. At left, the Gaussian shape function. At centre, half-view of the final multiplication value (normalized, with intersection point located at 
the black cross) within the influence area of the intersection point (the x and y axes values are the ratio between the distance to the intersection

point and the Maximum Radius of influence –at right-).

The following equation gathers all terms of the algorithm: the signal difference coefficient, the standard geometrical 
elliptical distribution and the contribution of all the intersection points to the point of analysis (the last summation
term).

𝑃𝑃(𝑥𝑥𝑝𝑝, 𝑦𝑦𝑝𝑝) = ∑ ∑ [𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖 [
𝛽𝛽 − 𝑅𝑅𝑖𝑖𝑖𝑖(𝑥𝑥𝑝𝑝, 𝑦𝑦𝑝𝑝)
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where: 

• 𝑀𝑀: number of intersection points inside the analysed area;
• 𝑒𝑒

2𝑐𝑐2: this term normalizes the exponential function; 
• 𝑐𝑐: width parameter of the exponential function;
• 𝐾𝐾: z-intercept of the correction function;
• 𝑤𝑤𝑘𝑘: weight factor, which depends on the number of paths which cut the intersection point k; and
• 𝑑𝑑𝑘𝑘: relative distance from the junction point (𝑥𝑥𝑘𝑘, 𝑦𝑦𝑘𝑘) to the point of analysis (𝑥𝑥𝑝𝑝, 𝑦𝑦𝑝𝑝):

𝑑𝑑(𝑥𝑥𝑝𝑝, 𝑦𝑦𝑝𝑝, 𝑥𝑥𝑘𝑘, 𝑦𝑦𝑘𝑘) = √(𝑥𝑥𝑝𝑝 − 𝑥𝑥𝑘𝑘)2 + (𝑦𝑦𝑝𝑝 − 𝑦𝑦𝑘𝑘)2 (4) 

𝑑𝑑𝑘𝑘(𝑥𝑥𝑘𝑘, 𝑦𝑦𝑘𝑘) = {
𝑑𝑑(𝑥𝑥𝑝𝑝, 𝑦𝑦𝑝𝑝, 𝑥𝑥𝑘𝑘, 𝑦𝑦𝑘𝑘)

𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚
 𝑖𝑖𝑖𝑖 𝑑𝑑 ≤  𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚

 1        𝑖𝑖𝑖𝑖 𝑑𝑑 >  𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚

 
(5) 

4. Results

The previously shown results present an inaccurate prediction using standard RAPID algorithm. In order to correct
them, the modified algorithm is applied (Figure 6). As an example, the previously selected frequencies were selected 
to observe the correction. 

Figure 6. The pink square is the real location of the damage, and the black point is the predicted location (coordinates in cm). 300 kHz excitation: 
(a) standard RAPID, (b) modified RAPID. 350 kHz excitation: (c) standard RAPID, (d) modified RAPID. 
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5. Conclusions

The presence of small size damages in composite materials can cause their masking when a damage location
prediction is carried out. The proposed modification of the RAPID algorithm allows avoiding masking when the
results are not enough to get an accurate analysis.

The prediction of the location is sensibly better at both excitation frequency values using the modification,
approaching the value of the prediction to less than 2 centimeters.

The utilization of this methodology was tested in small size thermoplastic composite, so the future steps are to test
it on bigger specimens and, in addition, in more complex shape geometries. 
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to observe the correction.

Figure 6. The pink square is the real location of the damage, and the black point is the predicted location (coordinates in cm). 300 kHz excitation: 
(a) standard RAPID, (b) modified RAPID. 350 kHz excitation: (c) standard RAPID, (d) modified RAPID.
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5. Conclusions

The presence of small size damages in composite materials can cause their masking when a damage location
prediction is carried out. The proposed modification of the RAPID algorithm allows avoiding masking when the 
results are not enough to get an accurate analysis. 

The prediction of the location is sensibly better at both excitation frequency values using the modification, 
approaching the value of the prediction to less than 2 centimeters. 

The utilization of this methodology was tested in small size thermoplastic composite, so the future steps are to test 
it on bigger specimens and, in addition, in more complex shape geometries.  
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