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Abstract 
The increasing usage of Carbon Fiber Reinforced Plastics (CFRP) for primary aerospace 
structures involves dealing with the principal susceptibility of composite laminates to impact 
events as well as the occurrence of barely visible impact damages. Therefore, the assessment 
of impact damages in aerospace CFRP structures poses an attractive application case for 
Structural Health Monitoring by Guided Ultrasonic Waves, whereas the assessment requires 
sufficient performance as well as reliability. Wave propagation phenomena at impact 
damages as well as the utilized signal processing to extract these damage related signal 
features defines largely the sensitivity of SHM system and thus contributes to the reliability of 
such SHM systems. The reliability of one popular damage assessment algorithm, the 
Reconstruction Algorithm for the Probabilistic Inspection of Damage, is investigated 
experimentally concerning its underlying basic assumptions. For this purpose data from a 
generic CFRP door surrounding fuselage panel with an integrated sensor network and with a 
reasonable number of introduced impact damages is used. 

1 INTRODUCTION 
The increasing usage of Carbon Fiber Reinforced Plastics (CFRP) for primary aerospace 

structures involves dealing with the principal susceptibility of composite laminates to impact 
loads as well as the occurrence of barely visible impact damages. Therefore the assessment of 
impact damages in CFRP structures poses an attractive application case for Structural Health 
Monitoring by Guided Ultrasonic Waves. 

Among the variety of proposed methods for damage assessment by Guided Ultrasonic 
Waves, the Reconstruction Algorithm for the Probabilistic Inspection of Damage (RAPID) 
[1] gained increasing attention in recent years. This work aims to experimentally validate the 
reliability of this method for application to complex CFRP structures by reviewing some of 
the basic assumptions. Since Guided Ultrasonic Wave propagation and SHM is influenced by 
a large number of factors [2], it is emphasized that this work is limited to selected objectives 
and uses existing experimental data. 

2 TEST DESCRIPTION 
The test data originates from the EU-funded project SARISTU, in which a CFRP door 
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surrounding fuselage shell, approx. 5 m by 3.5 m in size and displayed in Figure 1 below, is 
manufactured and tested. It features Omega-stringers and different skin thickness and thus a 
realistic level of complexity in terms of wave propagation. 

 
Figure 1: SARISTU Door surrounding fuselage shell test structure [3] 

A network of piezoelectric transducers is co-bonded to the skin of the structure between 
adjacent stringers. The positioning follows a regular grid for the area of 2mm skin thickness. 
Data acquisition is performed along the sequential introduction of damages with a ScanGenie 
II measurement system (Acellent Technologies) providing 320 channels. 

A total of 112 barely visible impact damages are introduced at various positions, creating 
delaminations and stringer foot debondings of various sizes. The damage size and position 
are determined by phased-array ultrasound NDT. Details on the experiment can be found in 
[3, 4]. From the existing data two datasets are created, providing signals with excitation 
center frequency of 50 kHz to 250 kHz in 10 kHz steps before and after damage introduction. 
Dataset 1 comprises 14 delaminations located between the stringer, with damage size AD 
ranging from 470 mm² to 768 mm² (length x width). Dataset 2 comprises 11 delaminations 
located under the hat of Omega-stringers, ranging from 330 mm² to 897 mm². 

3 METHODOLOGY 
This work aims at validating the basic assumptions of RAPID as formulated in the 

following section by experimental investigation. 

3.1 Reconstruction Algorithm for the Probabilistic Inspection of Damage 
To calculate the damage probability with RAPID, first, a grid is defined, overlaying the 

panel. The damage intensity I(x,y) at each grid point (x,y) is calculated, by assuming a certain 
area of influence of the actuator-sensor paths, which illustrated in Figure 2. 

  
Figure 2: Illustration of elliptical distribution function 
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The damage intensity if defined as: 
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with 1-ρk being the damage index (DI) of the kth actuator-sensor path, Np the number of paths, 
β the scaling factor determining the area of influence and R(x,y) defined as: 
 

𝑅𝑅(𝑥𝑥,𝑦𝑦) =

⎩
⎪
⎨

⎪
⎧�(𝑥𝑥 − 𝑥𝑥𝑖𝑖)2 + (𝑦𝑦 − 𝑦𝑦𝑖𝑖)2 + ��𝑥𝑥 − 𝑥𝑥𝑗𝑗�

2 + �𝑦𝑦 − 𝑦𝑦𝑗𝑗�
2

��𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑗𝑗�
2

+ �𝑦𝑦𝑖𝑖 − 𝑦𝑦𝑗𝑗�
2

for 𝑅𝑅(𝑥𝑥, 𝑦𝑦) < 𝛽𝛽

𝛽𝛽 for 𝑅𝑅(𝑥𝑥, 𝑦𝑦) ≥ 𝛽𝛽

 (2) 

where (xi,yi) and (xj,yj) indicate the locations of transducer i and j respectively. 
Parameter β is usually chosen to be 1.05 and determines the sharpness of the image [1 

Zhao]. As investigated in [5, 6], the results are systematically biased around the transducer 
locations, as the distribution of paths is not uniform. 

Explicit and implicit assumptions of RAPID are: 
• The most significant signal change is in the direct wave path, and the signal change effect 

decreases if the defect is away from the direct path of the sensor pair [1]. 
• The signal change effect is determined by one value, which allows no dedicated 

differentiation between direct-path-related signal change and indirect-path-related signal 
change. 

• A linearly decreasing elliptical distribution, assuming a linear relationship between DI 
and R for R<β and further assuming that signal changes due to damage is approximately 
equal for all paths in the vicinity of damage, regardless of their orientation to structural 
features and the actuator sensor distance. 

• Variability in the assumed relations, noise and systematically neglected influencing 
factors is handled by the superposition of many paths to create one image. 

3.2 Damage indices 
A study on various damage indices has been conducted in [7], considering the damage 

indices (DI) in Table 1 as effective. These DI are therefore used in this work. 
Method Name Abbr. Mathematical Formula 
Correlation coefficient CC 
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Signal Sum of Squared 
Differences 

SSSD 𝜌𝜌𝑆𝑆𝑆𝑆𝑆𝑆𝐷𝐷 =
1

1 + ∑(𝑆𝑆𝐻𝐻 − 𝑆𝑆𝐷𝐷)2
∑𝑆𝑆𝐻𝐻2

 

Ratio of Covariance Matrix 
Eigenvalues 

RCME 
𝜌𝜌𝑆𝑆𝑆𝑆𝑆𝑆𝐷𝐷 = 1 −

𝜆𝜆2
𝜆𝜆1

 

Table 1: Definition of damage indices, excerp from [8] 

It is noteworthy that the DI formulation determines the sensitivity to change in signal 
feature, i.e. pronouncing attenuation of wave modes transmitted through damages on the 
direct path or picking up reflections from the indirect path. Also, the noise rejection 
capability can be different. 
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4 RESULTS 

4.1 Frequency dependency of damage indices 
First, the data of dataset 1 is selected and the dependency of damage indices with respect 

to frequency and R value is analyzed. In Figure 3 and Figure 4 paths directly propagating 
through a delamination are regarded and the DI for CC and SSSD are compared. 

 

 
Figure 3: 1-ρCC vs. excitation frequency for different damage sizes of dataset1 and 

through-damage-propagating paths (R<1.05) 
 

 
Figure 4: 1-ρSSSD vs. excitation frequency for different damage sizes of dataset1 and 

through-damage-propagating paths (R<1.05) 
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The nominal R is calculated with regard to the center of the damage position, i.e. the 
center of the delamination. Considering the size of the delaminations, the effective R for all 
selected damages is 1. The structure geometry is similar for all the selected cases; however 
for some cases the direct path crosses a frame. 

As visible for ρCC and ρSSSD in the figures above, the difference in the DIs lays rather in 
the absolute value than in the curve shape over frequency, this holds also true for ρRCME. 
Therefore primarily ρCC is used in the following sections. 

 
Figure 5: 1-ρSSSD vs. excitation frequency for different damage sizes of dataset 2 and 

through-damage-propagating paths (R<1.05) 
 

It can be seen from Figure 3 to Figure 5 that the frequency range, which is dominated by 
A0-mode, shows typically higher DI. Furthermore, local maxima are observable for many 
cases, which could be explained by a wavelength dependent interaction of lamb waves with 
damages. Accordingly, in order to fuse the information from all frequencies to one value a 
moving average filter across 3 neighboring frequencies and subsequently the maximum 
filtered value is used in the following sections. 

The large variability of DI from propagation path going through the same damage, as well 
as the difference between damages of similar size, could be attributed to a number of factors:  

• DAQ settings (gain); Different gain leads to varying noise level, as for this 
experiment the peak signal level was adjusted to the same value for all paths and 
excitation frequencies. 

• Path length: The signal strength varies due to attenuation and dispersion or as well 
reflection at geometric discontinuities, leading to different signal to noise ratios 
(SNR). 

• Wave propagation behavior: Several wave packages in the signal interact with the 
damage. In case of interference of waves, a change to one wave might lead to a 
relatively large change in correlation coefficient based DI.  

• Damage morphology: Delaminations with nominally similar size and relative 
position have varying morphology like shape or delaminated plies, and thus 
varying effect on wave propagation for both, transmission and reflection. Inter 
damage variability is known to be significant in NDT. 
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4.2 Dependency of damage dndices and relative position of damage 
For the visualization of this section, the damage positions relative to actuator and sensor 

are remapped in one quadrant of the ellipse (cf. Figure 2) and scaled to the half the path 
length, i.e. x=0 is half way along the direct path and x=1 is the sensor position.  

Figure 6 shows the relationship of ρ, relative damage position and damage size for dataset 
1 for paths parallel to stringers. Figure 7 shows this relationship for all available paths of 
dataset 2. For the sake of brevity results for non-parallel paths of dataset 1 as well as results 
for the other DI formulations are not displayed. 

Figure 6: (1- ρCC) vs. relative damage position for damage cases of dataset 1, only paths parallel to stringers 

  
Figure 7: (1- ρCC) vs. relative damage position for damage cases of dataset 2  
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The DI values increase for smaller R values, as visible in Figure 6 and Figure 7. From the 
DI at large R-values a noise floor is observable, which can be related to noise in the time 
signal. Additionally, there are several points with large deviation apparent, some of them 
being clearly outliers. The origin of the outliers can either be actual, unknown changes in the 
structure (e.g. other damage), changes in the test environment, transducers damage, discrete 
measurement errors or random noise in the signal. The occurrence of outlier varies between 
the different DIs, hinting to a varying susceptibility of DI to noise in the signal. 

4.3 Dependency of damage indices on R 
One of the assumptions commonly used with RAPID is that the influence of damage 

decreases linearly with distance measure R. Figure 8 and Figure 9 below display the 
relationship apparent for the test dataset 1 and 2, respectively. Here, only results for ρCC are 
shown, since the other DI formulations have similar results. 

  
Figure 8: (1- ρCC) vs. R for damage cases of dataset 1 

  

 
Figure 9: (1- ρCC) vs. R for damage cases of dataset 2 
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As discussed in the previous sections, there are parasitic effects and noise in the data. The 
scatter in dataset 1 is much higher than for dataset 2. While a part of this scatter could be 
attributed to systematic differences in the test setup and the location of adjacent damages, it 
cannot be determined from this data, if there is maybe an influence of the position of damage 
relative to structural features. 

It can be seen from Figure 9 (dataset 2) that the DI rises significantly above the noise level 
at approximately R<1.1. This trend is also recognizable but not that distinct in Figure 8. 

While not explicitly stated as an assumption for RAPID, it is a favorable behavior that the 
DI increases with increasing damage size.  This leads to the question, if the variability visible 
in Figure 8 and Figure 9 could be attributed to an additional dependency of DI on the damage 
size. 

4.4 Dependency of damage indices on R and damage size 
To the data presented in the previous section, a representation of DI dependency on 

damage size and R is provided by a surface fit (local linear regression by Matlab function fit 
with fit type ‘lowess’). As the data in dataset1 contains much noise and effects disturbing a 
clean relationship, the result is not shown. The data of dataset 2, displayed in Figure 10, 
allows the conclusion that the approximate R value, till which an existing damage changes 
the DI, ranges from 1.05 to 1.25, depending on the damage size.  

  
Figure 10: (1- ρCC) vs. R vs. damage sizes AD for damage cases of dataset 2 

 
The result for dataset 2 supports the assumption of increasing DI with decreasing R from a 

certain distance onwards (as defined by parameter β in RAPID). This in turn is the foundation 
of RAPID to map the probability of existing damage accordingly around each direct path. In 
order to enable a physically based choice of the parameter β for the RAPID algorithm, the 
actual relationship should be estimated for the specific application as exemplarily done here. 
However, the parameter β also has a large influence on the outcome of the imaging as 
explained in [5, 6]. 
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The assumption of linear relationship of DI with R appears as a reasonable assumption 
when looking at dataset 2, but could not be strictly validated due to the scatter in the available 
data. Especially the large scatter in dataset 1 leads to the conclusion, that other factors 
mentioned earlier on have a strong influence. 

5 CONCLUSIONS 
This study evaluates of the basic assumptions of RAPID at the level of actuator-sensor 

pair information level; the fusion of information to create an image is not regarded in detail. 
The already available test results [7] show that the algorithm can be applied to complex 
CFRP structures and provides quick, consistent damage detection results with minimum input 
information. However, the limitations visible at the final level of damage detection were also 
highlighted. 

The results show according to the first two assumptions that damage on the direct path 
cause a much higher DI. Furthermore, the damage index appears to increase approximately 
linear with decreasing R for a β of 1.05 to 1.25, depending on the location of damage and 
damage size.  

On the other hand, the results also show that a large scatter in the relation of DI to R has to 
be taken into account, originating from the variety of other influencing factors and noise. In 
the sense of a “signal to noise” ratio, the assumed linear dependency of DI on R might get 
spoiled by scatter and thereby corrupting the subsequent damage imaging and final damage 
detection performance in terms of Probability of Detection, localization error and false call 
rate. 

Another observation is the frequency dependency of the DI for a given path and also that 
the A0 mode was much more sensitive. The existence of local maxima advises strongly not to 
use just one excitation frequency per path. A first step in that direction has been taken by the 
multiple frequencies fusion image approach in [6]. 

It should be clearly mentioned, that RAPID has limitations coming from the assumption 
that a damage causes similar change to DI, independent of damage morphology, size, 
orientation and location, as well as independent of the actual wave propagation involved, as 
well as independent of environmental conditions. The variability due to these influence 
factors complicates the reliable determination of a threshold to decide at the level of the 
damage image if damage is present. Effectively, damage sensitivity and noise rejection 
capability and resulting damage assessment performance and false alarm rate might be 
heavily depending on these influencing factors. The problem to establish a robust detection 
threshold on the image retrieved by RAPID has also other aspects, i.e. in case of multiple 
damage and multiple damage types [7]. 

Depending on the target application, a reduced performance might be acceptable. The 
rigor of proof of performance depends on the criticality of the application. Though RAPID 
features a simple design and ease of use, the algorithm unfortunately does not simplify a 
reliability analysis in the same way. In a worst case scenario, the ease of use can mislead the 
SHM system designer to disregard the influencing factors which are by design of the 
algorithm not considered. 
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