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ABSTRACT 

 
Because of its on-line and continuous investigation capabilities, Structural Health 

Monitoring (SHM) for fatigue damage detection may be considered a safer alternative to periodic 
Non-Destructive Inspections (NDI) of critical assets.  To gain confidence in such a capability, the 
SHM outcomes for NDI purposes need to be quantifiable.  In NDI, the reliability metric of a 
technique for a certain application is determined as a result of statistical Probability of Detection 
(POD) studies.  The results of a certain number of inspections are used in a-hat vs. a (i.e. NDI 
signal feature vs. discontinuity size) or hit/miss (defect detected/defect missed) configuration to 
determine the a90/95 value – the defect size detectable in 90% of the inspections with a 95% lower 
confidence bound.  In order to measure the reliability of an SHM system, a similar type of 
analysis is necessary.  However, since the results obtained with an SHM system are recorded 
while the inspected specimen is in service, there is no knowledge of the discontinuity size, a, 
monitored.  These facts, along with factors such as environmental conditions, noise, sensor 
power, sensor durability, etc. affect the signals detected by a specific SHM system.  This paper 
aims to identify and review these variables, their influence, and proposes potential approaches to 
adapt the NDI POD methodology to quantitatively measure the performance of an SHM system. 
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INTRODUCTION 
 
     For an NDI engineer SHM represents one or more sensors in contact with a structure, 
mounted with the goal of providing continuous or on-demand information of any changes related 
to the introduction or growth of damage.  For a structural or materials engineer, SHM may 
represent something different, but for NDI it is basically on-line, in-situ inspection.  Although 
SHM finds applications in different industries, this paper focuses on aerospace structures; 
therefore a more formal definition, given by Airbus helps in setting up the stage:“SHM is the 
continuous, autonomous in-service monitoring of the physical condition of a structure by means 
of embedded or attached sensors with a minimum manual intervention, to monitor the structural 
integrity of the aircraft”[1].  This definition reflects the concept of condition-based maintenance. 
 
     Damage tolerance life assessment involves periodic inspections; therefore, the transition from 
NDI to SHM is a transition from the traditional “time-based” to the emerging “condition-based” 
maintenance.  As defined above, the goal of SHM is changing the philosophy for the aircraft 
structural integrity from damage tolerance and periodic inspections to condition based-
maintenance, and limit maintenance actions through “damage condition assessment” or “material 
state awareness”.  To credit SHM for fatigue damage detection in safety-critical components or 
structures, there is a need for a reliability measure, similar to the probability of detection for NDI. 
 
     To see the implementation of SHM in real structures, several questions must be addressed:   
(i) what are the economic and technical benefits?, (ii) is the approach validated?, (iii) what is the 
false/positive call rate?, (iv) what is the reliability of such a system? [2]. This paper addresses 
issues related mainly with the last question.  Additional to NDI system requirements of 
identifying, localizing and quantifying the damage, SHM for damage detection must be able to 
identify precursors to damage, track damage progression, and predict time to failure. 
 
     SHM for damage detection could revolutionize the aircraft industry for the following reasons: 
(1) increased safety due to continuous or on-demand monitoring, (2) reduced maintenance, this 
being done when needed, with implications on the aircraft availability and revenue generating, 
(3) increased accessibility to hard to inspect areas, by using embedded sensors, and (4) improved 
design of the aircraft, since critical areas will be monitored instead of being reinforced, which 
would allow for lower weight, and consequently less fuel consumption and environmental   
impact [3]. 

 
DIFFERENCES BETWEEN NDI AND SHM RELIABILITIES 

 
     Scheduled maintenance operations include NDI of structures and components considered 
critical by design, identified as damage-prone by previous inspections, or based on aircraft 
history and its operational service. 
      
     Although SHM for damage detection and NDI techniques are using the same physical 
principles and both are applied to assure structural integrity and safety, there are notable 
differences between the two.  NDI is meant to detect and asses the damage based on calibration 
or reference measurements, while in SHM there are no reference or calibration specimens.  
Instead, there are reference or baseline sensor signals.  Changes from the baseline signal do not 
necessary mean detection of damage.  For instance, ultrasonic-based SHM sensors present 
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interest because a sparse array of sensors could interrogate a large structural area.  However, they 
are influenced by environmental changes, such as temperature, operational loading, and surface 
conditions, which could be misinterpreted as damage. 
 
     Probability of detection studies are used in NDI to quantify the performance of a definite 
technique and procedure, but also to define safe inspection intervals, based on damage tolerance 
approaches, as illustrated in Fig. 1.  In this figure, the a90/95 defect size established through a POD 
evaluation is entered as the detectable defect size, adet, on the crack growth curve.  The part 
residual life (T), i.e. the time it takes for the fatigue crack to grow from a detectable size to 
instability, is divided in at least two equal intervals (T/2), reflecting when the non-destructive 
inspection is mandatory.  For SHM, while the inspection interval is not an issue, due to 
continuous or quasi-continuous monitoring of the structure, the reliability definition for SHM for 
damage detection is not currently established. 

 
Fig. 1: The input of POD results in the definition of inspection intervals for damage tolerance 

 
     Using the NDI methodology for establishing SHM probability of detection is not suitable and 
applicable even at the laboratory stage due to the extensive associated costs to provide a 
meaningful sample size [4].   For NDI, the threshold value for the a-hat is the highest noise level 
in the absence of a defect.  The equivalent for SHM is not a constant value, since the system 
could detect higher signal levels in the absence of damage due to the in-situ effects such as 
temperature, load, and sensor degradation [5].   For NDI POD, when the current state of the 
structure is recorded, it is either a hit or a miss, and each measurement is independent of the 
others.  In SHM, the recordings are those of evolving damage, so the hit/miss approach is not 
applicable, while the a-hat vs. a (signal feature versus damage size) is not easier, as there are too 
many uncertainty sources when trying to measure the damage size [5]. 
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EXAMPLES OF SHM SENSORS 
       
     Not all SHM systems are aimed at damage detection.  Some have suggested the use of SHM 
for load and condition monitoring only, as for example gauges for strain and vibration 
measurement, temperature and humidity sensors, accelerometers, etc.  The information acquired 
through these sensors and their associated systems could be employed for customized NDI 
schedules, depending on the aircraft usage and performance.   
 
     There are an increasing number of (especially) research papers in the open literature regarding 
SHM sensors for damage detection.  The vast majority of these publications deal with 
measurements conducted in laboratory environments and consider a limited number of 
influencing factors on the sensor response.  It is important to note some of the most used types of 
SHM sensors: piezoelectric Lamb waves (Fig. 2), printed, flat eddy current probes, optical fibre 
Bragg grating, micro-electrical-mechanical systems, acoustic emission, linear polarization 
resistance, paint-on crack detection (Fig. 3), comparative vacuum monitoring, etc.   
 

      
Fig. 2: Ultrasonic-based sensors: left – Lamb wave sensors, right – paint-on piezoelectric sensors 

 

 

Fig. 3: Paint-on crack detection sensor 
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SHM RELIABILITY - INFLUENCING FACTORS 
      
     There are many other factors than the sensor itself and how it responds to damage that need to 
be understood before being able to define a reliability methodology for SHM and to transition it 
from laboratory to practice.  Factors such as the bond quality between the sensor and the 
structure, data communication, battery power, system aging, environmental conditions, etc. have 
all been identified to have significant influences on the sensor response [6].  Some of these 
factors are discussed below. 
 
Sensor degradation 
 
     The durability of an SHM system, including sensors, is an important issue to be considered.  It 
has been reported that 40% of strain gauges on the C17 aircraft failed within ten years of the 
aircraft life.  To address such deficit and reduce the number of false calls, SHM sensors need to 
be either self-diagnosed or redundant [7]. 
 
     The SHM system should have an operational life at least as long as the structural component 
being monitored.  The SHM system life span should take into consideration differences between 
the metallic and composite structures: metals maintain their stiffness most of their life, cracks 
appearing and propagating towards the end of the structure life, while for fibre reinforced 
polymer structures, damage develops either at the manufacturing stages, immediately under 
loading, or under impact at any stage of the life cycle of the structural component [8]. 
 
     Another issue related to the durability of the SHM sensors is their power requirements.  If 
batteries are needed, then these will have to be low-weight and rechargeable.  Of course, the ideal 
solution would be for these sensors to be energy harvesters and self-powered.  
 
     Spacecrafts and engines, more than the aircraft structures, are exposed to very harsh 
environments; therefore, the on-line monitoring system has to be more durable and provide 
reliable results.   
 
Temperature 
 
     The temperature variations that affect both the part and the sensing system must be 
considered.  For example, Lamb waves propagation characteristics are significantly altered by 
temperature variations, in addition to the test piece volume and density changes with 
temperature.  These contribute to modifications in the elastic properties and the speed of sound in 
the materials that influence the sensor response in the absence of damage. 
 
Placement and contact 
 
     The SHM sensors need to be placed in close proximity of areas with high-risk of damage 
occurrence for higher sensors sensitivity, but not near areas where there is potential impact 
damage since the sensor itself could be affected.  Hence, depending on the type of monitoring, 
local or global, the sensor placement is a critical factor in the reliability of SHM for damage 
detection.  Sensors have to be optimally placed to assure maximum sensitivity to the damage 
indication. 
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     Additionally, good and consistent coupling between the sensor and the monitored structure is 
assured by some kind of adhesive layer whose properties and time degradation could affect the 
sensor’s response, especially in cases where good coupling between the sensor and the structure 
are necessary, as is the case of ultrasonic sensing. 
 
Human factors 
 
     One of the often-stated advantages of SHM is the elimination or reduction of human 
intervention, since automated inspection systems provide improved results over manual ones, as 
it was reported that the inconsistency among inspectors was identified as the most important 
single factor in the NDI POD outcome variability [9].  Using an automated inspection system 
does not eliminate the entire human influences, but only those that involve hand-to-eye 
coordination.  Humans are still used for setting up the instrumentation, and most importantly, are 
involved in the interpretation of the recorded data, albeit the automatic system will be the one 
indicating that there is a need for interpretation whenever the baseline changes over a certain 
threshold. 
 
     In NDI, technicians using dedicated instruments are trained and certified for different methods 
before performing an inspection.  It is not clear whether the SHM practitioners will need any type 
of certification or whether they could use the same ones as in NDI.  Who interprets the sensor 
response – it is the sensor manufacturer, the fracture mechanics or materials engineer, or a non-
destructive inspector? 
   
Data communication and storage 
 
     In the ideal case where the sensor is self-powered and the recorded data is transmitted 
wirelessly to an on-board memory storage device, there are still critical questions of what are the 
implications of the SHM system interaction with other aircraft systems and avionics, what are the 
implications of electromagnetic and radio frequency interferences, what data to be collected, at 
what frequency, what are the triggering thresholds, and many others.  
 
Calibration and reference coupons 
 
     In NDI the testing equipment and sensors are calibrated using relevant test specimens to 
verify their proper functionality and help the operator adjust the necessary instrument settings.  In 
some situations, reference specimens, with similar characteristics to that of the part to be 
inspected are manufactured and used for signal interpretation, pattern recognition, as well as 
setting noise thresholds.  Neither reference nor calibration specimens are available for SHM.  A 
baseline signal is used for reference purposes instead.  Variations from the baseline indicate 
changes in the structure monitored, without being able to reliably identify the influencing 
factor(s). 
 
     Persisting questions about the durability, capability, and reliability of SHM sensors in an 
operational environment for the prolonged and overall component life continues to challenge the 
SHM community.  For instance, piezoelectric wafers were analyzed during accelerated vibration, 
temperature, and moisture cycling.   The sensors experienced cracking, de-bonding, and 
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performance reduction [10].  On the other hand, in durability studies on fibre Bragg grating 
systems for strain monitoring it was found that the system was very resilient in typical aerospace 
applications, in conditions of varying temperature, humidity, and ionizing radiation.  Harold and 
Duke analyzed the behaviour of four components of the Bragg sensing system: (i) the optical 
fibre and sensor, (ii) the fibre coating, (iii) the sensor adhesive, and (iv) the connectivity of the 
sensor in the above-mentioned conditions.  Although the sensors and coatings showed no 
significant changes in the measured strain in typical operational conditions, the durability of the 
adhesive and connectivity of the sensors were not tested because the aluminum specimen on 
which the sensors were mounted gave away before the optical fibre did [11].  The two presented 
examples are showing opposite behaviours of two different types of SHM systems.  However, 
the main difference between the two is that the first one, the piezoelectric wafer, is aimed at 
damage detection, while the second, the fibre Bragg grating, is dedicated to strain measurement.  
From this perspective, SHM systems for damage detection are seen to be more fragile to adverse 
conditions than SHM systems used for load monitoring. 
 

SHM RELIABILITY – POSSIBLE SOLUTIONS 
 
     Probably the biggest impediment in the way of SHM reliability is the unacceptably high false 
calls rate.  SHM should not add to uncertainties and complexities, and result in unscheduled 
maintenance due to erroneous interpretation and false calls [8].  Possible solutions for 
quantification of the SHM for damage detection are addressed in this section. 
 
Time-based POD 
 
     Unlike NDI, SHM does not detect the damage geometry in static conditions, as required for 
POD studies, but the time-evolution of damage with respect to a baseline; therefore, it could be 
more appropriate to define a probability of detection not as a function of the defect size, but as a 
function of the time it takes until the SHM system detects a damage of certain size, or a damage 
growth of a pre-defined percentage.  Of course, the defect size needs to be measured periodically 
by NDI techniques.  This approach was addressed by Pollock for acoustic emission detection of a 
growing crack.  He found that a 4mm crack that grows to 4.05mm is detected with 90% 
probability within six weeks of monitoring [12].  Detection of the same crack growth in a shorter 
period of time translates in lower probabilities of detection. 
 
Model-assisted POD for SHM 
 
     Since using a large number of coupons and specimens to determine the POD for SHM in the 
same way it is done for NDI is highly unrealistic, there is the potential of using model-assisted 
approaches to supplement few empirical recordings.  Moreover, additional factors could be 
superposed in the model analysis.  As an example, while the experimental study could focus on 
the damage response as function of applied load, and record the SHM response as a series of 
baselines corresponding to the load level, a multi-physics model could take into account 
temperature variations for each of these loads, or look at sensor coupling or bonding degradation. 
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Transfer of POD from NDI to SHM 
 
     A possible approach to determining the SHM reliability is to start with the known POD for an 
NDI technique and procedure, and then through transfer functions, depending on all the 
influencing factors, convert it to a POD curve for the equivalent SHM system.  A similar 
alternative might be analyzing two parallel structures, under the same conditions, but one 
monitored periodically with NDI and the other continuously with SHM, and then transfer the 
relationship found between the signal responses to damage between the two systems to the POD 
curves, assuming that the POD for NDI is known. 
 
Multi-dimensional POD 
 
     Analyzing the SHM responses as a function of damage size in the presence of controlled 
influencing factors, and trying to isolate the recorded signal features that are sensitive only to a 
single factor at a time, including damage, could be a solution to determine the SHM POD.  Once 
the POD curves as functions of damage sizes for each independent influencing factor are found, 
POD fusion [13] could be applied to amalgamate all these results and find out the SHM 
reliability in the presence of the combined influence of all the factors considered. 
 

CONCLUSION 
 
     Generally, there is the perception of engineers outside the non-destructive evaluation field that 
SHM will replace NDI.  Others might argue that SHM is the natural evolution of NDI.  These are 
false issues.   NDI is a mature field and will continue to be used for assessing the integrity of 
parts and structures from the manufacturing stage to operation.  It is the investigation of these 
structures during operation that could be replaced by on-line NDI or SHM [14].  Without 
quantification, SHM for damage detection will continue to suffer in terms of credibility resulting 
in delayed implementation.  Prior to implementation in an operational environment, SHM has to 
be demonstrated in laboratory environment, and these demonstrations need to take into account, 
as a minimum, all the factors identified in this paper, and independent of the marketing claims of 
SHM system developers.  Ideally, an SHM system for damage detection would be self-powered, 
through energy harvesting, and the data communication to a central unit should be wireless.  
Moreover, the sensor density needs to be minimized, while their sensitivity to damage needs to 
be maximized. 
 
     Currently, the use of SHM as on-line or in-situ NDI finds field applications for infrastructures, 
that could pave the way of SHM implementation in the aerospace industry.  SHM for aircraft 
structural integrity is gaining acceptance and probably 5-10 years down the road its applicability 
will be wide-spread.  The non-destructive evaluation community needs to take a pro-active 
approach and work together with the system developers, manufacturers, vendors, and potential 
users in order to find means of quantifying the SHM systems’ outcome.  The current study 
identified some of the issues associated with SHM reliability for damage detection, and proposed 
several approaches to address them, but this is only the ‘tip of the iceberg’; there is considerable 
empirical and probably, numerical work to be done.  The establishment of a reliability measure 
for SHM will contribute to its credibility; accelerate its acceptance and implementation in-
service.      
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     It could be the case that SHM will supplement NDI for monitoring of critical areas that need 
more detailed non-destructive evaluation.  In this way SHM will contribute to an increase of NDI 
efficiency.  Also, SHM could target detection of fast-occurring, sudden damage, while NDI could 
focus on detecting and sizing of slowly-growing, accumulating damage.  Another envisaged 
possibility of SHM usage for damage detection is to have the sensors mounted on the aircraft and 
the inspection done while the aircraft is on the ground, provided with external power, 
communication, acquisition, and decision-making capabilities.  This would be a hybrid NDI-
SHM system, since the investigation would be done on-demand and with permanently attached 
sensors, as in SHM, while the evaluation would be performed in static conditions, and 
periodically, as in the NDI case.  
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