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Abstract:  

While composite materials have many advantages due to their lightweight potential impact events or 

Foreign Object Damage (FOD) is critical for composite and many other lightweight and thin aerospace 

structures. FOD can lead to unscheduled maintenance in the cases of hail damage, tool drop, ramp 

rash or even loss in the cases of tire debris (Concorde Accident July 25
th
, 2000) or insulation debris 

(Columbia Space Shuttle Feb. 1
st
, 2003). Impact damage reduces the static load capability and the 

fatigue life of a structure. The cost of an aircraft on ground is about 40 k$ per hour. Thus a decision on 

unscheduled inspection and repair or a return to flight must be taken fast and responsibly. Non-

destructive inspection combined with numerical analysis is the state of the art. A detailed numerical 

analysis of predamaged parts may take several days or weeks. Novel fast Structural Health Monitoring 

(SHM) and predictive maintenance tools can support the necessary decision making process. 

Impact damage generates characteristic acoustic signals that can be detected and analyzed by 

acoustic emission systems during the event. This was investigated in the Clean Sky Program in the 

Green Regioanl (GRA) platform* by Fraunhofer LBF (Laboratory for “Betriebsfestigkeit” – structural 

durability). A fast but simple analytical model was developed that can analyze certain extracted 

acoustic features. This model was trained with 50 composite plates clamped to simulate a stringer bay 

each. The specimen were subjected to different impact energies and locations and corresponding 

Acoustic Emission (AE) features, damage sizes as well as the compression load after impact were 

derived from these tests. After this training the system could analyze impact events in near-real-time 

and present estimations on impact energy levels, location, damage size, mechanical properties, 

delamination growth as well as the remaining fatigue life under a given load level.  

The project closed the loop from data acquisition with a commercial AE system, via the assessment of 

the structural properties based on sensor records to the prognosis of this structural health and its 

presentation in near real-time after impact events. Unfortunately the high scatter of results regarding 

impact testing as well as of the extracted acoustic signals affects the reliability of the system so far but 

with approaches from big data methods AE may become an interesting sensor type for predictive 

maintenance of sporadic failure types.  

 

 

 

 

*Research leading to these results has received funding from the European Union (FP7/2007-
2013) for the Clean Sky Joint Technology Initiative, rel. grant agreement. 
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1. Introduction 
Two famous accidents in aerospace resulted after impact events. The loss of a Concorde after tyre 

parts damaged the tank marked the end of this type. The Space Shuttle Columbia was lost on re-entry 

after the leading edge had been damaged during the launch by rather lightweight foam-insulation 

debris. While a Structural-Health-Monitoring (SHM)-system would not have saved the Concorde, it 

may have given the crew of the Columbia an early warning of the damage of their vehicle. That is why 

NASA investigated SHM technologies for applications in the remaining Shuttle-Fleet after the accident.  

In the search for the source of the damage to the leading edge, impact tests were made with foam 

segments on a spare Reinforced Carbon-Carbon (RCC) leading-edge. During the tests acoustic 

emission sensors could detect the impact of the foam segment and it was possible to locate the 

damage with these sensors. [1,2,3] 

Different SHM-approaches were investigated in the Clean Sky program and a similar approach was 

investigated on aircraft structures in the work package  described here. An impact event on composite 

structures results in impact induced damage (e.g. delaminations) and thus affects the structures 

compressive strength after impact (see figure1). Also possible is the delamination growth depending 

on the kinetic energy level of the impact event and the design of the structure. The primary reason for 

preliminary compressive failure of an impacted specimen is the lower buckling stiffness in the impact 

induced delamination area. The structural performance is investigated in compression strength after 

impact tests (CAI). The possible growth of delamination is investigated in compression after impact 

and fatigue (CAIF) tests. Potential delamination growth depends on the impact energy, the load level 

and of course the design and mechanical properties of the structure.  

 

Figure 1: Impact induced delamination in composites and delamination growth by fatigue while barely 

visible (right) (Fraunhofer LBF) 

The result of impact events can be divided in different levels based on certain energy levels and 

resulting structural damage. 
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The first threshold is when the impact damage has no detectable influence on the global compression 

strength of the composite.  

The next threshold is the Barely Visible Impact Damage (BVID) upon which the dent of the impact 

damage becomes just visible. Unfortunately this does not necessarily correlate with the delaminated 

area as this depends e.g. on the material (matrix- and fiber type and layup) and its thickness. In figure 

1 the very small contact area (much smaller than the diameter of the ball of 25 mm) led to a 

delamination of about 47 mm x 42 mm. Those delaminations can grow under further loading 

depending on boundary conditions.  

The next threshold is the penetration level after which the effect of the impact induced damage on the 

compression strength remains nearly constant as the diameter of the resulting hole remains constant.   

The following figure 2 shows the typical curve of the remaining compressive strength over the damage 

size with a certain "Allowable Damage Limits ADL", "Critical Damage Threshold CDT" in relation to the 

Design Limit (LL) respectively the Design Ultimate Load (UL). 

 

Figure 2: Residual Strength versus damage size Relationship [4] 

The following diagram shows the need for a fast assessment of impact induced damages based on 

these remaining load capabilities of the part.  
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Figure 3: Levels of Damage Tolerance Assessments [4] 
 

The diagram shows the need for a system that can assist to detect and classify impact events and 

assess their effects on the structure rapidly. In simplified terms the effect of impact induced damages 

can either lead to a grounded aircraft for immediate unscheduled repairs (very expensive) or the 

damaged plane may continue flying until a repair can be scheduled with upcoming maintenance 

cycles and prepared by detailed simulation. The type of approach depends on the extent of damage 

and if this can be expected to grow.  

There are several possible monitoring systems that can be used to detect impact events and 

damages. One famous example for active systems is the Stanford Multi Actuator Receiver 

Transduction (SMART)-layer [5]. Here only passive systems based on AE-systems are investigated. 

Similar activities have been published [6], [7]. 

A future system for acoustic impact monitoring based on current Acoustic Emission technology 

combined with a structural analysis needs to fulfil the following requirements: 

-detect impact events in-flight above a certain threshold using a very high sampling rate 

-locate the position of the impact event  

-categorize the impact event intensity and correlate a predicted impact induced damage magnitude 

(see above)  based on the acoustic signature of the impact events and the calibration of the system 

with experimental tests. It will not be necessary to calculate an actual impact energy in Joule. 

-estimate and predict the residual strength of the monitored part immediately after the impact event.  
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-support the prognosis of the remaining lifetime and damage growth of the predamaged structure 

under further loading (for a calculation of the repair urgency). A more detailed numerical analysis can 

be done later if the damage allows a later repair.  

In order to achieve these requirements mature equipment in the AE-field was used. Speaking in the 

SHM terms of preprocessing, feature extraction and classification based on sensor signals, these 

elements of the monitoring system are processed mainly by a modified mature system. The 

corresponding hardware and software are combined with fast numerical tools for a quick structural 

analysis of sensor data.  

The following flow chart (figure 4) shows the approach for SHM of composite aerospace structures 

with AE. An impact event results in an electrical sensor signal which is analysed using Acoustic 

Emission hardware and software with minor modifications only. The estimated position and magnitude 

information of the impact event is then analysed in a special software using information about 

geometry and material data of the structure.  

 

Figure 4: Flow chart of the approach for Structural Health Monitoring (SHM) of composite aerospace 

structures with Acoustic Emission (source: Fraunhofer LBF) 

The optimization of sensor placement, the characterisation of the acoustic behaviour by impact 

(correlation of impact energy and resulting electrical signal) as well as the structural behaviour by 

impact (correlation of the impact energy and the resulting damage size) is done in empirical test 

campaigns for the necessary database.  

2. Description of work 

Test Campaign 
 

For the localisation of impact events several sensors are used to triangulate the origin of acoustic 

emissions excited by the impact event and/ or impact induced damages to the composite structure. 

The sensors need to be placed at strategically optimal loactions to cope with different sound velocities 

and the certain attenuation behaviour of composites. At the time of the project there was no 
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compensation for the special effects of composite material on acoustic waves included in the system 

yet. 

The sound velocities in composite materials depend on the fiber orientation and differ by the stiffness 

differences in matrix and fiber dominated directions. That is why an empirical approach was used to 

identify all sound velocities first. In Acoustic Emission testing the Hsu-Nielsen Pencil Lead Break test 

(PLB) is used to calibrate systems with reproducable acoustic events. In this case the velocity is 

higher by a factor of roughly 2 for 0° (predominate fiber direction) compared to the 90° direction. No 

detailed information on the material data can be given here unfortunately. 

The solution to compensate for this effect was to modify the position of real sensor positions on the 

part to virtual ones in the software in order to be able to calculate the correct location. To compensate 

for the lower velocity 90° to the fiber direction the real position of the sensors is multiplied by the factor 

two in that direction in the software while the position in 0° direction (used as sound velocity) was not 

changed. By this way the system exports correct x,y coordinates on the part with a calculated level of 

uncertainty (LUCY) of 0.2-3 mm for panels of 300 mm x 200 mm in repeated tests. The LUCY value is 

the standard deviation of the calculated sensor distances to the source position and the distance 

according to the measured arrival time difference.  

As the system showed good results for localising impact events, the next step for the identifcation of 

the impact energy was tested with a great number of clamped panels with symmetrical ‘’mid-bay’’ 
impacts only to get the maximum number of results.  

The effect of potentially different amplitude levels at the position of the sensors due to an excentric 

impact can be compensated by considering the mean value of the signal of the four sensors as the 

feature for the identification of the impact energy. This is one reason why this feature was investigated 

mostly for the identification of the impact energy.  

A number of different tests were necessary for the identification chain 

The results of the test campaign are discussed briefly only. Altogether 50 Carbon Fiber Reinforce 

Plastic (CFRP) panels of roughly 300 mm x 200 mm were tested in 50 impact tests accompanied by 

AE measurements. Afterwards the panels were cut down to 150 mm x 100 mm for standardized 

mechanical compression after impact (CAI) testing. The tests are discussed next very briefly.  
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Figure 5: Overview of the panels for CAI (left) and the original size for Impact tests (right) 

Impact testing: The impact energy is preset with the drop height but the panels absorb only a part of 

this energy depending on the clamping conditions and energy level. The absorbed impact energy is 

calculated by the Impact Testing Machine Instron Dynatup 9250 HV. While the initial impact energy 

may be 10 J as one example only 6 J are absorbed. The difference is the elastic energy which reflects 

the impactor back to a secondary drop height which is measured but a second drop is prevented. 

According to the general point of view only the absorbed energy causes damage. The effects of 

different rates of elastic and absorbed energy on acoustic emissions are much less understood. Only 

the absorbed energy was considered in further examinations. 

AE-Recording: The Vallen AMSY 5 System recorded acoustic signals in realtime during the 50 impact 

tests (see figure 6). Certain features were analysed afterwards. Only two results are discussed here. 

Other features may deliver better results in other cases. The development of more elaborate advanced 

signal analysis and filtering methods was not the intention of this work package so the AE-features 

"acoustic energy" and "counts" were used for correlating the electrical signals to the damage size.  
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Figure 6: Overview of the test rig with the Impact Test rig in the back and the Vallen AE-system in the 

front 

Damage Analysis: The correlation of damage size to impact energy levels was done with a Lock-In-

Thermography system for NDT and a special scanner system for detecting the delamination size. 

Water based ultrasonic test methods are unfavourable as these may influence the result of the 

subsequent compression after impact investigation. An observation grid printed on a special 

transparent film enabled an investigation of the damaged area in the relevant thermographic image 

with the highest visible area. A special scanner software was used to calculate the damaged area in 

square millimetres for each impact. Figures 7and 8 show some images of delaminations of the panels.  

 

 

 

 

 

 

 

Figure 7: Lock-In-Thermography System and Screenshots with some delmainations under different 

Energy levels 
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Figure 8: Microscopic analysis of delaminations.  

The results of the tests are shown in the next figure 

 

Figure 9: Damage Size over absorbed impact energy  

Mechanical Analysis: Compression strength after impact testing of the panels to get results for the 

structural behaviour after impact for the simulation model. The result is shown next. 
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Figure 10: Compressive strength after impact and damage size over absorbed impact energy 

Finally a correlation of the acoustic signal with the resulting delamination size and other values is 

possible by linking all the results (see figures 11-13). It was decided to use the calculated acoustic 

signal strength which is calculated as the Root Mean Square (RMS) result by integrating the absolute 

value of the electrical signal as a mean AE-signal. This  value is given in energy units (eu) and 

measured in nVS (1eu = 1 nVs).  

 

Figure 11: Comparison of damage size and AE signal over the absorbed impact energy for the thicker 

panel 
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Figure 12: Comparison of damage size and AE signal over the absorbed impact energy for the thinner 

panThe following figure shows the correlation of damage size and the AE signal 

The most important result of the experimental test campaign that contained 50 sensorized impact tests 

and subsequent NDT evaluations on the reference material was the following correlation between the 

acoustic signal and the impact induced delamination size. It was decided to use a simple linear 

approach instead of a neural network as the scatter of results does not justify a better mathematical 

interpretation of the results. Though not very reliable due to the high scatter of results the simple linear 

equation y (damage size in mm²) = 0.5274 x (AE energy in nVs) - 484.11 was used here for the 

thinner material. For a higher reliability of such a system based on AE much more tests and a more 

systematic analysis of factors leading to scatter would be necessary.  

 

Figure 13: Correlation of damage size and acoustic mean energy (AE signal) delivered by the AE 

At best these results make it possible to correlate acoustic signals in this case in an area of about 10 J 

to 25 J. The penetration threshold was at around 35 J leading to high acoustic emissions and an 

override and errors in measurement at higher impact energies with this feature.  
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It is clear by looking at the scatter of results that it will be very hard to interpret the sensor signal and 

correlate a damage size with a high degree of certainty using this feature alone.  

An alternative feature that may be used for detecting higher impact energies is the number of counts 

(see the following figure 14). The following figure shows a screenshot of a test series. While there is 

no relevant difference between the Amplitudes in the top left picture the number of counts rises rapidly 

in the big screen when the area of impact penetration is reached. This may make it possible to detect 

critical impacts with an additional feature where the feature acoustic energy becomes unrelaible due to 

a sensor override. 

 

Figure 14: Possible features of acoustic signals [2] 

 

 Figure15: comparison of “counts” for different impact energy levels 

The mean AE energy and location coordinates are the only variables to be exported by the AE-system 

for subsequent analysis of the post impact behaviour in the next step.   

The interface-software is using the Vallen "Embedded Code Processor" Software (ECP) which is 

installed together with the Vallen "Visual AE and TR software" on the same laptop as the subsequent 

MATLAB software "Delamination Damage Evaluator" (DDE). 

The interface software module is using a fast Lua script that generates and exports a file containing 

location and acoustic energy data as soon as an impact event is registered by the AE-system. The 

output of the Vallen "AE/TR software" are the location coordinates and a mean acoustic energy level 

calculated using four acoustic sensors.  

30J  25J  20J  15J  10J  5J  35J  
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The Calculation Tool for Delamination Damage Evaluation (DDE) 
 

The software tool is used for a fast, simple calculation of damage caused by an impact event. A 

growth of damage could be measured by AE as well via e.g. the felicity-effect or Kaiser-effect but this 

is not considered here yet.  

The numerical models of the DDE are based on previous research done by de Jonge at Fraunhofer 

LBF [8-38] but there is also the opportunity to add new or modify calculation models. 

In the model, the plate is divided in sub-areas. Each of the sublaminates, created by a delamination, is 

such an area as well. The model idealizes the damage and starts from the assumption that the 

sublaminates are rectangular and in the middle of the plate (see Figure 16a). Then the load 

deformation behaviour of each of the areas is represented by a spring. In this manner, the whole plate 

is described by a system of parallel and in-series springs (see Figure 16b). 

  

Figure 16: a) Idealization of the characteristic state of damage after impact. b) Areas representing 

springs in one-dimensional spring model (source: Fraunhofer LBF) 

Once the load on a sublaminate has exceeded its buckling load, it will not behave like a normal spring 

anymore. The load a sublaminate can take after buckling equals the buckling load of the sublaminate. 

In this way, the load-deformation curve for a plate with certain damage can be calculated. By 

determining the released energy between two subsequent damage configurations from these curves, 

the expected life can be calculated with methods from fracture mechanics (see Figure 17). 
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Figure 17: Schematical representation of the theoretical model that predicts damage growth (source: 

Fraunhofer LBF) 

The prediction model uses fracture mechanics to describe the damage growth. For this, it is necessary 

to calculate the Strain Energy Release Rate (SERR), between two subsequent states of damage, 

before and after growth. The quantities needed for the calculation of SERR from the analysis of the 

load-deformation behaviour are the potential energy and the deformation at a Fatigue Load Level 

(FLL). The load-deformation curve for a damaged plate is calculated by representing different areas of 

the plate as a system of parallel and in-series springs, which will be referred to as a 'spring-model'. If a 

plate is loaded the sublaminates will start to buckle one after the other. Every time a sublaminate 

buckles, the stiffness of the plate changes a little and the load-deformation curve will show a change in 

slope.  

 

Figure 18: Spring Model (one half of the plate) (source: Fraunhofer LBF) 

Performing this procedure iteratively and keeping in mind that the curve ends when the strain in the 

parallel spring is the critical (fracture) strain, gives the load-deformation curve for a plate with a certain 
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damage. As described above, the important parameters needed for the next part of the prediction 

method are the deformation at Fatigue Load level (FLL) and the potential energy of the overall plate at 

FLL.  

The DDE is divided in three parts of calculation: 

I:   buckling loads 

II  load deformation behaviour  

III  fracture mechanics  

The computer program, based on the model, is able to make the calculations for each of the three 

parts. The first “off-line” part focused on modifications of material data by test results while the fast 

online tool to be developed is optimized on rapid calculation. (figure 19)

 

Figure 19: Two-Dimensional Spring Model (one half of the plate) (source: Fraunhofer LBF) 

The “off-line” software was used for testing and optimised using experimental compression after 

impact results (see figure20).   
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Figure 20: Buckling Loads Total and Sublaminate Buckling (source: Fraunhofer LBF) 

The resulting online software is triggered automatically when the file with the variables is generated by 

the AE system via the fast Lua-script. Constants like material properties for the laminate, layup and 

dimensions, loads, mechanical and calculation parameters are defined beforehand.   

The next figure 21 shows a flowchart of the DDE software. If, depending on the Delamination Size, 

Fatigue Load Level and material constants,  a delamination growth is calculated 50-500 loops with 

gradually increasing delamination sizes resulting in gradually decreasing buckling loads are used to 

generate a graphical output of the Damage size over load cycles and Buckling loads over load cycles 

respectively.  
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Figure 21: Flowchart of the DDE software 
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7. Discussion  
Several blind tests were done with the system after the software was optimized to demonstrate the 

fast calculation on the different impact levels. As mentioned the reliability of the system is affected by 

the high scatter of signals.  

Depending on the Impact Energy level and thus the estimated delamination size there are four 

possible warning levels (Figures 22-24) and context sensitive outputs the software creates when the 

calculation is completed about one second after the impact event as a pop up.  

a) uncritical damage when no damage is estimated as the mean AE energy level is below the 

critical threshold that was established by experiments 

 

 

Fig 22: Output Window for Impact Events when no damage is estimated based on the mean 

acoustic energy level 

b) critical damage “Impact detected” when no delamination growth is estimated by the DDE-
software tool. Here the damage size and the Estimated Remaining Buckling loads are 
presented (Fig. 19) so that they can be compared to maximum or minimum allowables 
(Allowable Damage Limits (ADL), Maximum Design Damage (MDD), Critical Damage 
Thresholds (CDT), Design LL, Design UL etc.). 

 

  
Fig. 23: Output Window for Impact Events when delamination damage is estimated based on the 

mean acoustic energy level and a delamination size is estimated based on the correlation of these 

properties. A remaining buckling load is calculated by the DDE software in this case. 

c) critical damage “Impact detected” where delamination growth is estimated by the DDE-
software tool. Additionally the estimated trends of the delamination growth and the static 
compression strength of sublaminates and laminates over the remaining lifetime is calculated 
in a way that a residual lifetime can be read until minimum or maximum allowables (see 
above) will probably be reached under the preset Fatigue Load level (Fig. 20). The chosen 
Paris constants needed for the calculation of damage growth could not be determined with 
experiments using the Cytec material but have been estimated based on earlier tests. Any 
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new material chosen for the monitoring with this system would require a certain minimum 
number of tests to gather realistic data on material constants.   

 

Fig. 24: Output Window for Impact Events when delamination damage is estimated based on the 

mean acoustic energy level and a delamination size is estimated based on the correlation of these 

properties. A remaining buckling load and a trend for sublaminate and laminate buckling loads 

(left) is calculated by the DDE software and the delamination growth (right) is calculated in this 

case. 

d) Penetration level impact where the impact energy was so high that a penetration of the panel 
is estimated. A different acoustic feature may be needed to detect penetration level impact 
events without doubt. Due to the high scatter of acoustic signals using the current acoustic 
feature “mean acoustic energy” there is a limitation to discriminate penetration levels from 
other strong impacts. This would have to be implemented in the future by putting in a “second 
path acoustic feature” in the Delamination Estimator.  

3. Conclusion  
In the scope of this WP in Clean Sky Fraunhofer LBF was able to close the loop from hardware to 

software and from data acquisition to presentation of the remaining structural health of a simplified 

composite part after impact events in near realtime.  

The different hard- and software elements were sucessfully linked together with the specially 

developed DDE software and the monitoring system was tested in impact tests.  

The calculation time was measured with about one second. There are impact induced damages where 

a fast evaluation of the incident is needed and preferable to a more sophisticated but more time 

consuming FE analysis (see figure 4). For some situations an onboard and online system may be 

benefitial to quickly differentiate between the severities of foreign object damages and advice the 

appropriate action. Some progress was made with the presented approach but future projects 

including a larger number of tests to acount for the scatter would be necessary.  

Contact : 

 martin.lehmann@lbf.fraunhofer.de , andreas.bueter@lbf.fraunhofer.de , www.lbf.Leichtbau.de 

mailto:martin.lehmann@lbf.fraunhofer.de
mailto:andreas.bueter@lbf.fraunhofer.de
https://www.lbf.fraunhofer.de/de/forschungsbereiche/adaptronik/betriebsfester-und-funktionsintegrierter-leichtbau.html#tabpanel-2
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