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Abstract 
In the recent years, the problem of real-time structural monitoring for the on-board health 
assessment of operating aircrafts has become a critical research topic and extensive studies 
are available in literature. Many different sensing technologies can be exploited in a Structural 
Health Monitoring (SHM) scenario, either based on local or distributed sensor networks, the 
second being particularly suited to monitor large structures, such as airframes. However, the 
reliability of any system must be demonstrated and quantified using acceptable established 
procedures used by the industry and very few studies address the qualification of the SHM 
system performances, thus limiting the transition of SHM from research to field 
implementation. For this reason, the paper presents a model-assisted framework for SHM 
performance prediction based on virtual tests. The approach has been developed for the real-
time detection of fatigue crack growth and has been verified on a full-scale fatigue test of an 
aeronautical stiffened structure. The availability of a calibrated and validated numerical finite 
element model of the structure allows the estimation of strain dependent feature sensitivity to 
damage. In particular, a database of virtual fatigue crack propagation tests has been used to 
predict the diagnostic system performances in a model-assisted framework, thus calculating 
the minimum detectable crack length for a specified level of probability of detection and 
confidence and probability of false alarms.  
The methodology has been verified using a real-time SHM system based on a fiber Bragg 
grating sensor network for the strain measure and a widely recognised statistical method based 
on outlier analysis for damage detection, specifically consisting on the calculation of the 
Mahalanobis distance from a baseline condition. The sensor network has been installed on the 
stringers of a helicopter tail boom subject to fatigue load and the real-time strain signals are 
used to detect fatigue damages based on the strain field modifications. Eventually, the 
performance of the monitoring system has been experimentally verified against the predicted 
performance of the model-assisted methodology. 

Keywords: MAPOD, minimum detectable crack length, Mahalanobis distance, crack, 
detection, model assisted.  

 
1. INTRODUCTION 

In the last decades, much effort has been devoted by the research community to the 
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development of autonomous systems for the real-time detection of structural anomalies in a 
damage tolerant scenario, aimed to reduce the operative costs of high value structures without 
compromising risk and safety factors, which is the subject of Structural Health Monitoring 
(SHM). Any SHM system leverages on the on-board installation of sensors and acquisition 
systems and the definition of an algorithm to extract a damage dependent feature from the 
sensor signals in the hope to perform damage identification, and literature on these two main 
subjects is extensive. Even though different laboratory applications have been described in the 
literature, some difficulties limit the SHM implementation in real environments, in particular 
when considering the need for a qualification of the SHM system performances. Prof. F.K. 
Chang pointed out in his 2014 keynote lecture at the European Workshop on Structural Health 
Monitoring that for the transition of the SHM from R&D to field implementation, the reliability 
of the technique must be demonstrated and quantified using acceptable established procedures 
used by the industry.  
Literature on SHM performance qualification is limited, due to costs of experimental activities 
for verification & validation, which can be often prohibitive especially when distributed 
monitoring is concerned. In practice, this would require repeated testing of the monitoring 
system taking into account various factors, like the effect of damage position and dimension, 
the robustness and the damage sensitivity of the selected signal feature, the reliability of the 
diagnostic algorithm, the environmental influences in terms of temperature and external load 
[1], just to mention a few. This gives rise to model-assisted frameworks in which physic 
models, e.g. leveraging on validated numerical simulations, can be used (i) for damage 
sensitivity prediction, (ii) for SHM optimization and design [2][3], (iii) for diagnostic 
algorithm training [4], (iv) for the evaluation of system robustness to environmental influences 
and, finally, (v) for SHM performance qualification [4][5][6][7]. The latter in particular 
requires the definition of indices for Probability of Detection (PoD) and for damage 
characterization, usually in terms of damage type classification, localization and quantification 
[8]. 
Focusing on the detection level of the damage identification hierarchy, the literature suggests 
a large number of approaches targeted at the evaluation of PoD curves for different Non 
Destructive Inspection (NDI) applications. Some consider the calculation of the confidence 
interval for a population proportion [9], others are based on the construction of a regression 
model �̂ vs a, where a is a damage related quantity (e.g. crack length) and �̂ is the response of 
the NDI system [1][6][7][10][11][12]. However, it is also recognized that PoD methodologies, 
as currently used for NDI, may not always be directly implementable to SHM systems. Much 
emphasis is posed on the definition of methods for SHM performance qualification also in 
ARP6461 [13], which is a recently published recommended practice for the implementation of 
SHM on fixed wing aircraft. In [13] the assumption is made that the sensor is permanently 
installed on-board and the flaw originates, and may even propagate, into the region being 
monitored by the SHM sensor. If fatigue cracks are considered like in the present study, the 
data of interest is the flaw length at the time for which the SHM system provided sustainable 
detection. If a distribution of the flaw length at which detection is first made is available, the 
PoD for a given flaw length is the proportion of the flaws that have a detectable length less 
than that given length and can be calculated based on one-sided tolerance intervals [13]. Very 
few applications of this method are available in the SHM literature. One example is reported 
in [4], where the authors apply it to the performance estimation of a diagnostic system based 
on artificial neural networks for fatigue crack diagnosis on simplified aeronautical panels. In 
this paper we extend its application to a real structure.  
The model-based performance qualification of a SHM system composed of Fiber Bragg 
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Grating (FBG) sensors for fatigue crack detection in the Mil-Mi -8/17 helicopter tail boom is 
the objective of this study. A numerical Finite Element Model (FEM) of the structure allows 
predicting the strain signals under different fatigue damage configurations. An established 
statistical method based on the calculation of the Mahalanobis distance (MD) from a baseline 
condition [14] is used for novelty detection in a simulated environment. One-sided tolerance 
intervals are used to qualify the performance of the SHM system in terms of minimum 
detectable crack length in a model assisted framework. Finally, a network of FBG sensors has 
been installed on the tail-boom of a helicopter and the strain signals are real-time acquired in 
a full-scale Fatigue Crack Growth (FCG) laboratory test, thus allowing the verification of the 
system performance.    
 

2. ONE-SIDED TOLERANCE INTERVALS FOR THE MODEL-BASED 
ASSESSMENT OF CRACK DETECTION PERFORMANCE 

If cracks are going to be monitored and detected, the parameter of interest is the flaw length at 
the instant when the SHM system provided sustainable detection (�詣鳥勅�) [13]. Supposing 
detection is declared when the SHM system output overcomes a fixed threshold and assuming 
the SHM system is tested during repeated FCG tests, a probability density function of �詣鳥勅� 
exists. Within this context, the PoD for a specified crack length can be estimated as the 
cumulative density function up to that given length. 
This is not sufficient in reliability analysis, as also the specification of the confidence level 
associated to the PoD estimation is required. Actually, the statistical tolerance limit has to be 
identified in which a certain proportion P of the population lies. The problem lies in 
determining the limit crack length (�詣鳥勅��,� ) that guarantees with probability α that at least a 
proportion P of the flaw lengths at detection will not exceed it; P and α are analogous to PoD 
and confidence, respectively. �詣鳥勅��,�  is referred to as minimum detectable crack length (MDCL), 
often defined as the crack length associated with P=90% and α=95%. Under the assumption 
of Normal (or log-Normal [13]) distribution for �詣鳥勅�, it is possible to calculate �詣̅̅̅̅ 鳥勅� and ���匂賑� as the estimators of the mean and standard deviation of �詣鳥勅�, based on n random 

samples of �詣鳥勅� (which translates into n FCG tests). Thus, �詣鳥勅��,�  is calculated as Equation 1: 

  �詣鳥勅��,� = �詣̅̅̅̅ 鳥勅� + 計�,�,� ∙ ���匂賑�      (1) 

Where 計�,�,� is the tolerance factor for the normal distribution. The additive sign indicates the 
upper tolerance limit has to be considered for this application. Factors K are determined to 
include in the tolerance limits at least a proportion P of �詣鳥勅� samples with confidence α and 
different methods are available in the literature for their approximation, which is outside the 
scope of the present study. Thus, 計�,�,� have been calculated as presented in [15]. When the 
assumption of Normal distribution for �詣鳥勅� is not appropriate, the method can be easily 
adapted to different distribution shapes, including non-parametric methods [16], as shown in 
Section 4.  
Since it is often economically inconvenient performing n FCG experimental tests, the full 
model-assisted approach [7] is considered in this paper, employing physics-based models to 
complement a minimum set of experimental data for PoD analysis, as described in Figure 2. In 
particular, Finite Element (FE) simulations are used hereafter to predict the strain pattern 
modifications due to a number of damage configurations, which is the feature used in this study 
for damage diagnosis. A multivariate Gaussian noise, acquired in a baseline healthy condition, 
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is added to the simulated strain data providing a more realistic database. Two sets of data are 
defined after feature extraction. The first is a calibration set which serves to define the 
diagnostic system threshold, here based on the Mahalanobis distance. The second is a test set 
and is used for diagnostic system testing and for the calculation of the performance based on 
the one-sided tolerance interval approach. Finally, the diagnostic algorithm is tested on real-
time experimental data to verify the diagnostic performance predicted in a model-assisted 
framework. The main subjects reported in Figure 1 will be detailed in the following sections.   
 

3. THE NUMERICAL DATABASE 

The tail-boom of the Mil- Mi -8/17 helicopter is a semi-monocoque Russian D-16 aluminium 
structure1, consisting of a truncated cone 5440mm long, including 17 frames and 26 stringers, 
which are connected to the skin by rivets. 3D optical scan has been used to acquire the structural 
geometry and some simplifications were introduced during modelling. A global-local approach is 
used for numerical simulation.  
The global FEM of the tail boom is shown in Figure 2.a, reproducing the test rig in Figure 2.d. 
The tail is grounded by connection with an infinitely rigid frame through a composite dummy 
interface, adopted to avoid excessive stress concentration at the boundary connection and to 
reproduce the stiffness of the tail connection to the central fuselage of the helicopter. A dummy 
structure made of steel is also used for the tail connection to the actuator (Figure 2.d), designed 
in a way to reproduce the effective operational load induced by the tail rotor. 8kN load, 
representative of the maximum load at take-off, is applied as in Figure 2. A sample view of the 
elastic stresses in axial direction is reported in Figure 2.a, showing the major effect due to 
bending. 
A local FEM has been developed for the monitored region (highlighted in Figure 2.a), which 
takes displacements and rotations from the global analysis as input, providing a more refined 
description of the stress and strain distribution. It is characterised by a finer mesh size with 
respect to the global FEM and it incorporates all the geometric structural details, including 
rivets. The latter have been modelled as connectors incorporating axial and shear stiffness. A 
parametric damage model has been inserted into the local FEM, consisting of a crack nucleated 
at a rivet hole and equally propagated on the fuselage skin on both sides with respect to the 

                                                 
1 D-16 Aluminum alloys are equivalent to the Al2024 alloys commonly employed for European vehicles’ 
airframes. 

 
Figure 1. Overview of the model-assisted performance evaluation approach. 
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rivet hole, with direction perpendicular to the stringers. The crack is approximated as a straight 
cut, obtained removing the links between adjacent elements.  
The crack position and the crack length are two adjustable parameters of the local model. In 
particular, 20 crack lengths, ranging from 5mm to 100mm, have been modelled at each rivet 
location. Forty rivet holes are considered as possible nucleation regions, thus requiring 800 
different damage (and local FEM) configurations. A schematic view of the local monitored 
region is reported in Figure 2.b, where the sensor network layout is also presented. In particular, 
9 equally spaced FBG sensors have been installed on 5 stringers, as shown in Figure 2.c, and 
measure the strain along the stringer longitudinal axis. The pattern of strains at sensor location 
has been extracted for each damage configuration and a damage index (DI) is calculated by 
dividing each strain value on a stringer by the average strain measured along the same stringer. 
A database of numerical damage indices has been produced as input to the model-based 
prediction of SHM performance.  
 

3. CALIBRATION OF THE DIAGNOSTIC SYSTEM FOR ANOMALY DETECTION 

Novelty detection is performed in this study by outlier analysis, i.e a statistical model of the 
normal structural condition is constructed and subsequent data are examined for deviations 
from normality. The approach requires the calculation of the mean and covariance matrix of 
the baseline dataset, which are then implemented in deriving the Mahalanobis distance [14]. 
Anomaly detection is then intended as the MD exceeding a threshold indicating damage. The 
way this is set in a model-assisted framework is explained in the following. 
After a calibration of the FEM is performed to eliminate persistent errors with respect to the 

 
Figure 2. (a) global FEM stress results [Pa] in axial direction due to 8kN load; (b) schematisation of the 

monitored local area with stringers, rivets, sensors (in blue) and crack position (in red); (c) view of the FBG 
sensor network installed on the stringers and (d) global view of the experimental test rig. 
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experimental baseline condition, a pattern of unbiased strain-related DIs is available at each 
sensor position for the simulated baseline condition. However, the deterministic information 
provided by FEM simulation is in contrast with the need for a statistical model of the baseline. 
For this reason, a more realistic database is defined by adding a random perturbation to the 
numerical strain, calculated based on a preliminary baseline acquisition of the experimental 
strain signals, thus taking real temperature fluctuations and uncontrolled random effects into 
account. In this preliminary application of the method, a covariance matrix has been calculated 
based on the 45 experimental sensor signals and random perturbations have been sampled from 
the relative multivariate Gaussian distribution, thus taking signal correlations into 
consideration. The perturbation samples from the multivariate Gaussian distribution are 
representative of the real disturbance under the assumption of stationary strain signals without 
drifts or contingent spikes, which is not applicable in general. A normal probability plot 
allowed corroborating the hypothesis of Gaussian signals, apart from some spikes due to 
uncontrolled perturbations.  
A specific detection system is created for each monitored stringer, which involves the 
definition of five distinct baselines and the consequent calculation of five MDs. To detect and 
localise the damage on a specific stringer, one desires detection to be declared only on the exact 
stringer where damage actually occurs. Thus, for a selected stringer, the baseline includes both 
the simulated normal condition and all the simulated damages in the remaining stringers. The 
MDs are then calculated based on the mean and covariance matrices of the baseline.   
For each selected stringer, the threshold for anomaly detection is defined to guarantee 5% of 
maximum probability of false alarms. In particular, a false alarm is defined as at least one 
sample exceeding the threshold either in a normal condition or during a crack propagation 
simulated on the other stringers. Let consider in Figure 3 the MD evaluated on stringer #4, 

  
Figure 3. Mahalanobis distance evaluated at stringer #4, based on simulated sensor signals on stringer #4, 

with fatigue crack damage propagating in each stringer and rivet position. 
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based on all the simulated sensor signals on stringer #4, with fatigue cracks propagating in each 
stringer and rivet position. The title of each sub-graph indicates where the simulated crack has 
propagated, and the graph shows the MD calculated based on all the signals from stringer #4. 
The MD for a crack propagating on both the seventh and the eighth rivets of stringer #5 exceeds 
the threshold generating a false alarm on stringer #4. Though not shown here for brevity sake, 
no false alarm was ascribed to the normal condition in the case under examination.  
Finally, a different detection threshold is found for each diagnostic system applied to different 
stringers, due to different levels of the strain on each stringer and different environmental 
influences on each structural component. 
  

4. TESTING AND PERFORMANCE QUALIFICATION RESULTS 

The anomaly detection algorithms have been tested with numerical strain features calculated 
at sensor positions under different simulated fatigue crack propagations from each stringer 
rivet. Focusing on a stringer, only the cracks relative to that particular stringer are tested with 
the specific detection algorithm. For the sake of clarity it is important to remark that these data 
have not been used in previous section for the calibration of the detection threshold. Some 
examples of the MD calculated for stringer #4 and relative to cracks propagating from the same 
stringer’s rivets are shown in Figure 3 (fourth line). A different output is found in each 
simulated FCG, due to the dependence of the strain field damage sensitivity on crack location 
and due to the random sampling of the environmental disturbances. 
The MD has been calculated for each simulated FCG and the results have been reported in 
Figure 4 as a function of crack length. For each stringer, 8 MD progressions crossed the 
detection threshold, generating 8 �詣鳥勅� samples from the detection crack length distribution. 
The different threshold levels on each stringer can be clearly distinguished in the figure. The 
global qualification of the diagnostic system is the target of this application, thus all the samples �詣鳥勅� from different stringers have been collected in a unique vector. The log-Normal 
approximation for �詣鳥勅� distribution is initially selected, as suggested in [13], and it has been 
plotted in Figure 4, where the non-parametric approximation built with a Kernel density 
estimator is also schemed for comparison. The MDCL parameter has been calculated based on 
Equation (1) for a P=90% and two confidence levels, α=50% and α=95% respectively, and 
results have been reported in Table 1. 
However, a preliminary investigation based on normality tests for both the single stringer and 
the global system suggested, for this application, discarding the hypothesis of log-Normality 
while addressing the problem of one-sided tolerance boundary definition based on non-
parametric distributions. This problem can be solved by a more sophisticated method for 
tolerance bound definition, which is described in [17] and implemented in R software. Results 
have been reported in Figure 4 and Table 1 in terms of MDCL, for the same P and α defined 
above. Looking at the distribution shapes in Figure 4, the assumption of log-normality (or 
directly normality) can potentially induce non-negligible errors with respect to a non-
parametric density in estimating the SHM system performance. However, this has a reduced 

 MDCL 90% - 50% 
[mm] 

MDCL 90% - 95% 
[mm] 

log-Normal 43.74 46.89 
Non-parametric 42.22 45.39 

Table 1. Performance qualification results based on two approximations of �詣鳥勅�  distribution. 
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effect on the final qualification results in Table 1, being the discrepancies of the two 
distributions very limited on the right side tails, at least for this specific application.    
 

5. EXPERIMENTAL VERIFICATION 

Two full-scale fatigue crack propagation tests have been executed on the tail boom of the Mil-
Mi -8/17 helicopter. In particular, the first crack was artificially initiated at the sixth rivet on 
stringer #4 (see Figure 1) and propagated up to 90mm length under a sinusoidal fatigue load, 
with frequency 1Hz, peak load 8kN and load ratio R=0.1. The damage has been repaired and a 
composite reinforcing patch was bonded to the metallic skin. A second crack was then initiated 
at the sixth rivet on stringer #2 and propagated up to 100mm length. HBM DI410 acquisition 
system was set to automatically acquire the strain signals from a network of 45 FBG sensors, 
plus a channel for temperature compensation. Signals are post-processed with MATLAB and 
the Mahalanobis distance is calculated after feature extraction, based on the same mean and 
covariance matrices used in the model-based performance assessment. Alarm is provided in 
correspondence of 44.7mm and 35.5mm crack lengths, for the first and second crack, 
respectively. Both cases are in agreement with the qualification boundaries provided above, 
for P=90% and α=95%.    
 

6. CONCLUSIONS 

The model-based performance qualification of an automated strain-based SHM system 
composed of a FBG sensor network and a novelty detection algorithm based on the outlier 
analysis, specifically the Mahalanobis distance parameter, has been performed in this study in 
a model-assisted framework. The study is applied to the detection of fatigue cracks on an 
aluminium helicopter tail boom tested in laboratory under sinusoidal fatigue load. A parametric 

 
Figure 4. Performance qualification results based on MDCL parameter for a 90% PoD and 50%-95% 

confidence, based on non-parametric approximation of detection length distribution. 
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FEM is used to simulate different fatigue damages in a selected area of the tail boom, varying 
the position and the extent of the damage. After addition of a realistic noise to the simulated 
strains, representative of the baseline condition, the formed database is used to calibrate the 
detection algorithm by setting the detection thresholds so as to limit the false alarm rate. The 
detection algorithm is tested with simulated strain data representative of different fatigue crack 
propagations and the system performance is qualified in terms of minimum detectable crack 
length, based on the one-sided tolerance intervals approach suggested in the guidelines for 
implementation of SHM on fixed wing aircraft (ARP6461). A non-parametric distribution of 
the detection lengths has been tested for calculating tolerance intervals, in addition to the log-
normal approximation suggested in the ARP6461. This more general approach would allow 
considering generic characteristic distributions associated to complex SHM systems. The 
estimation of the limit crack length with 90% PoD and 95% confidence has been provided, 
resulting in 45.39mm. The system, designed and qualified in a model-assisted framework, has 
been tested with real strain data acquired on the full-scale structure and detection occurred 
within the qualified MDCL limit specified above. 
The model-assisted framework is used to both design and qualify the performance of a rather 
complex SHM system and very promising results have been found in this application. However 
some aspects of this research need further investigations in order to provide a more robust 
design and prediction of the SHM performances. First, the introduction of a more realistic 
model of the experimental baseline uncertainties, e.g. leveraging on autoregressive models, in 
order to take real time series fluctuation into account. Second, the addition of an uncertainty 
component related to strain prediction during damage evolution, which requires a detailed 
damage model validation, possibly on simplified structures.  
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