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ABSTRACT 
 
 
The paper starts by reviewing the composite damage types, both due to fatigue and degradation 
under normal operation condition and due to accidental barely visible damage (BVD) events. 
Next, the paper reviews two major composites structural health monitoring (SHM) concerns: (a) 
impact damage detection; (b) in service fatigue. Examples are given of damage sensing 
techniques with a variety of sensors: piezo transducers, fiber optics, strain gages, composite 
electrical properties, etc. Finally, the paper summarizes the major challenges for composites 
SHM and identifies research opportunities1.  

1 INTRODUCTION 
The development of adequate nondestructive evaluation (NDE) and structural health monitoring 
(SHM) techniques for composite structures is much more challenging than for metallic 
airframes. While the damage and failure of metallic structures is relatively well understood, the 
damage in composite materials is much more complicated and less understood. For metallic 
structures, in-service damage and failure occur mostly due to fatigue cracks that propagate under 
cyclic loading and may be accelerated by corrosion and other environmental factors. For 
composites structures, the situation is much more complex: composites fail differently under 
tension than under compression and the effect of fastener holes is much more complicated than 
in metals. In addition, the composites are prone to hidden damage from low velocity impact (e.g., 
the drop of a hand tool on a wing, or large hail impact on a radome); such barely visible damage 
(BVD) may go undetected, but its effect on the degradation of the composite structure strength 
can be dramatic. 

2 DAMAGE IN AEROSPACE COMPOSITES 
 The damage and failure of metallic structures is relatively well understood; their in-service 
damage and failure occurs mostly due to fatigue cracks that propagate under cyclic loading in 
metallic materials. In contrast, damage in composite materials occurs in many more ways than in 
metals [1]. Composites fail differently under tension than they fail in compression, and the effect 
of fastener holes is much more complicated than in metals. In addition, the composites are prone 
to hidden damage from low-velocity impact (e.g., the drop of a hand tool on a wing, or large hail 
impact on a radome); such damage can be barely visible and may go undetected, but its effect on 
the degradation of the composite structure strength can be dramatic. In order to satisfy the 
aircraft damage tolerance requirements [2] [3], the composite aircraft structure should possess 
adequate residual strength at the end of service life in the presence of an assumed worst-case 
damage, as for example that caused by a low-velocity impact on a composite structure. 
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 Aerospace composites are made up of two high-performance basic constituents: fibers and 
matrix. A variety of high-performance fibers have been developed for aerospace applications; of 
these, carbon fibers have gained wide acceptance in the manufacturing of primary aerospace 
structures. A variety of polymeric materials have been considered for matrix usage; of these, the 
toughened epoxy resins have gained large acceptance in primary aerospace structures. The 
damage and failure of the laminated composite depends on the damage and failure of its 
constituent fibers and matrix as well as on the damage and failure of the various interfaces 
between these constituents and between the layers of the composite laminate [4]. The damage in 
composite materials, its basic mechanisms, accumulation, and characterization, as well as the 
concept of damage tolerance have been studied for over three decades [5], but many of the initial 
questions still stand unanswered, especially in connection with composites fatigue [6].  
 Tension, compression, and shear are the three fundamental modes in which a composite may 
fail. To understand the failure of a composite laminate, one should first consider the failure of the 
unidirectional composite lamina (i.e.,ASDAS ply). Six failure modes and associated strengths 
can be distinguished in a unidirectional composite ply: (a) longitudinal failure in tension, 
strength Xt; (b) transverse failure in tension, strength Yt; (c) longitudinal failure in compression, 
strength Xc; (d) transverse failure in compression, strength Yc; (e) failure through in-plane shear, 
strength S12; (f) failure through transverse shear, strength S23. Recall that the unidirectional 
composite lamina is transversely isotropic; this implies that the transverse and shear strengths 
associated with the z-direction are identical with those associated with the y-direction, i.e., Zt = 
Yt, Zc = Yc and that S13 = S12. As the composite is made up of layers of various orientations, the 
projection of the global stresses onto the lamina principal directions varies from lamina to 
lamina. As the load is increased, so do the various stresses in the laminae, and failure values may 
be attained in a certain lamina in a certain principal direction without the overall laminate to 
experience actual failure; in other words, the failure of the composite laminate is a progressive 
phenomenon. This progressive damage evolution is subcritical for a while, but eventually leads 
to ultimate failure of the composite laminate. The monitoring of subcritical damage occurrence 
and evolution in a composite material is one of the main objectives of composite SHM endeavor. 
 
 
 

       
(a)       (b) 

Figure 1 Impact damage effects on laminated composites (a) schematics of various damage 
mechanisms [7]; (b) magnified photo of barely visible impact damaged on a 
composite 
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2.1 IMPACT DAMAGE IN COMPOSITE STRUCTURES 
Aerospace composite structures are prone to a type of damage that is not critical in metallic 
aerospace structures, i.e., low-velocity impact damage. Such damage may occur during 
manufacturing or in service due to, say, a hand tool being dropped onto a thin-wall composite 
part. In a conventional metallic part, such an impact will either produce no damage, or, if damage 
is produced, then it will show clearly as an indent or scratch. In a composite structure, a similar 
impact may produce internal damage without leaving any visible marks on the surface (i.e., 
barely visible impact damage, BVID). The internal damage may be delaminations in the 
composite layup, or even spalling on the backside, which is not visible for inspection (Figure 1) 
 A schematic of the various damage mechanics that take place in a laminated composite under 
low-velocity impact is shown in Figure 1a; according to ref. [7], they can be summarized as: (a) 
front face damage (crater); (b) transverse cracks; (c) delaminations; (d) back face fiber breakage. 
In practical instances, the front face damage may be barely visible. Delamination due to barely 
visible impact damage may not have a large effect on the tension strength of the composite, but it 
can significantly diminish the composite compression strength (delaminated plies have a much 
weaker buckling resistance than the same plies solidly bonded together). The component 
buckling strength and the local buckling strength may be both affected. When a fastening hole is 
present, this effect may be even worse.  
 

 
Figure 2 Evolution of fatigue damage in a cross-ply laminated composite [8]  

2.2 FATIGUE OF LAMINATED COMPOSITES 
Though complicated, the fatigue of unidirectional composites appears “simple” when compared 
with that of laminates in which stress distribution varies from layer to layer. Figure 2 presents the 
fatigue damage accumulation in a cross-ply laminate. Five stages were identified in a cross-ply 
composite laminate degradation under cyclic tension (Figure 2) [8]: Stage 1 in which matrix 
cracks develop but are arrested at interfaces; Stage 2 in which matrix cracks advance further and 
promote interface debonding; Stage 3 in which delaminations appear between plies; Stage 4 in 
which fiber breaking start to happen to be followed soon by Stage 5 in which failure takes place. 
Similar stages are also observed in other composite layups. 
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(a)        (b) 

Figure 3 Characteristic damage state (CDS) concept: asymptotic behavior of crack spacing in 
45° plies of a [0, 90, +/-45]S CFRP laminate as a function of increasing load  [20];  
(b) experimental X-ray evidence of CDS formation [9]  

 The evolution of damage through these stages depends on the cyclic fatigue loading levels. A 
host of subscale damage initiation and progression mechanisms has been identified. Reifsnider et 
al. [10] [11] [12] [13] discovered that early damage accumulation in off-diagonal plies displays 
an asymptotic behavior called characteristic damage states (CDS). The CDS occurrence was 
observed under both fatigue and quasistatic loading (Figure 3).   

3 IMPACT DETECTION SHM OF AEROSPACE COMPOSITES 
Low-velocity impact of composite structures that produces barely visible impact damage (BVID) 
is one of the most researched areas of aerospace composites SHM due to the drastic effect that 
the presence of BVID could have on composite aircraft performance and safety. Various 
methods have been proposed and tried for capturing the impact event and monitoring the 
evolution of resulting BVID state inside the structure. 
 Both impacts and acoustic emission (AE) generate ultrasonic waves; hence, they benefit from 
commonality of sensors installation. However, the frequency bands in which the two events take 
place are different; the impacts are more strongly felt as relatively lower-frequency flexural 
waves (e.g., tens of kHz), whereas the AE events happen in a higher band (e.g., 150-300 kHz). 
Reference [14] describes a proposed built-in damage diagnostics system for composite structures 
aimed at detecting damaging events, and monitoring the in-service structural integrity of the 
composites. The proposed system consisted of two major diagnostic processes: passive sensing 
diagnosis (PSD) and active sensing diagnosis (ASD). The PSD process utilizes the 
measurements done by the sensors to identify damage-inducing event [14]. The ASD process 
uses diagnostic signals sent by the actuators and received by the sensors to diagnose the change 
in structural integrity [15][16][17][18]. 

3.1 PSD FOR IMPACT LOCATION AND FORCE IDENTIFICATION 
The PSD process was further developed in Refs. [19][20]: the impact force and location was 
determined from the processing of the sensor signals; a maximum likelihood estimator was used 
to solve the nonlinear inverse problem. Further improvements of the signal-processing method 
and impact identification algorithm were reported in Refs. [21][22]. Other developments of the 
PSD approach are described in Refs. [23][24][25]. Impact detection (ID) with piezoelectric wafer 
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active sensors (PWAS) in composite materials was successfully demonstrated in Refs.[16][26], 
and others. The application of the PSD approach to an actual composite wing was described in 
Ref. [27].  
 Basically, the PSD method consists of using a sparse array of sensors (strain gages, piezo 
wafers, FBG sensors, etc.) that capture the guided waves generated by the impact. The use of 
fiber-optic FBG sensors is attractive because a single optical fiber can carry several FBG sensors 
which can be independently interrogated; hence, the installation cabling issues are greatly 
simplified if FBG sensors are used instead of the more conventional transducers. In addition, 
fiber-optic sensors are immune to electromagnetic interference, which can confer advantage in 
certain applications. The captured signals must be processed to determine the impact location 
using a triangulation algorithm. For illustration, we present a simple example as follows.  
 

(a)       

(c)   (d)  
Figure 4 Impact identification on stiffened composite panel using a system ID approach: (a) 

specimen, sensors, and impact locations; (c) impact localization spread; (d) force 
reconstruction [28]  

3.2 SYSTEM ID APPROACH TO IMPACT IDENTIFICATION 
An alternative approach is to perform a system ID process on the actual physical structure 
instead of modeling it. This is a data-driven approach and requires no physical model. However, 
it is specific to the certain component on which it is developed and cannot be transferred directly 
to another similar component. Reference [28] performed the system ID with the ARX technique 
(auto-regressive with exogenous inputs) and constructed a numerical model of the physical 
system based on a finite set of experiments. In the training stage, a set of experiments were 
conducted on the specimen; each experiment consisted in applying a known impact to a known 
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location on the structure and recording the time series corresponding to the impact force and the 
signals received at the sensors (Figure 4).  
 The recorded time series data was used in ARX algorithm to determine the model parameters 
and implicitly the structural transfer functions between the impact location and the sensors. The 
simulated and the measured signal time series are compared and the model parameters are 
adjusted (impact location, amplitude, and time history). References [21][23] report the use of a 
two-stage optimization/fitting process to achieve this objective. In the validation stage, the ARX 
was used to synthesize sensor signals and compared them with the original experimental data; 
good agreement was observed [28]. Finally, the validated ARX model was used to detect impact 
at locations and time history different from those used in the training stage. The detection 
accuracy in terms of location and force time history was evaluated.  

3.3 DIRECTIONAL SENSORS APPROACH TO IMPACT DETECTION  
The use of directional sensors can greatly simplify impact detection and localization. Directional 
sensors alleviate the difficulty created by the multimodal dispersive nature of the guided waves 
generated by the impact event. With directional transducers, the triangulation of the impact event 
is much simplified. Only two directional sensors are needed to locate an impact; each sensor 
generates a ray indicating the direction of the presumptive wave source and the impact is easily 
located at the intersection of these two rays (Figure 5a). 
 

                           
(a)         (b) 

Figure 5 Impact localization with directional sensors: (a) localization is obtained at the 
intersection of two directional sensor rays; (b) FBG rosette directional optical sensor 
[29]  

Two directional sensors types have been proposed, one based on fiber optics [29], the other 
based on piezo wafers [30]. Reference [29] constructed a rosette from three FBG optical sensors 
arranged in a triangular pattern (Figure 5b). Strain-gage rosette principles are used to resolve the 
principal directions and obtain the sensing ray direction. Reference [30] constructed a piezo 
rosette from three macro fiber composite (MFC) sensors arranged in a star pattern and obtained 
good impact localization without any structural model, neural net, or signal baseline. Piezo 
rosettes constructed from thin rectangular wafers of PMN crystals cut and poled in the [011]c 
direction were reported in Ref. [31]. 
 A recent implementation of passive damage diagnostic approach using FBG optical strain 
sensors placed on an aircraft-like CFRP panel is discussed in Ref. [32]. The experiments were 
performed under realistic operational conditions consisting of vibration of the panel on a shaker 
(random spectrum between 10 and 2000 Hz). Both single FBG strain sensors and rosette FBG 
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strain sensors were used. The results indicate that vibration environment does not constitute a 
major impediment in impact identification and location because vibration bandwidth and impact 
bandwidth are well separated. 

3.4 ASD AND ACOUSTO-ULTRASONICS FOR IMPACT DAMAGE DETECTION 
Active detection of impact damage consists of ‘interrogating’ the structure with wave 
transmitters and picking up the structural response with wave receivers. The active sensing 
diagnosis (ASD) process [14] uses piezo wafer transducers as both actuators and sensors of 
ultrasonic guided waves. This approach is also known as ‘acousto-ultrasonics’ [33] The 
‘acousto’ part of the name is associated with the reception of guided waves generated by the AE 
process at a propagating crack. The term ‘ultrasonics’ infers that this is an active technique in 
which ultrasonic waves are generated by the transmitter; this is thus different from the AE 
technique that is just a passive technique. Acousto-ultrasonics requires two ultrasonic guided-
wave probes, a transmitter and a receiver [34]. In SHM work, the transmitter has usually been a 
piezo wafer; the receiver has traditionally been also a piezo wafer, which imparts reciprocal 
transmitter-receiver capabilities to the setup and enables guided-wave tomography. The use of 
different receivers, e.g., fiber-optic FBG sensors, has also been reported [35]; this option is 
attractive because a single optical fiber can have several FBG sensors which can be 
independently interrogated; hence, the installation cabling issues are greatly simplified if FBG 
sensors are used instead of the more conventional piezo transducers. In addition, fiber-optic 
sensors are immune to electromagnetic interference, which can confer advantage in certain 
applications. However, FBG cannot usually act as transmitter and this imposes limitations on the 
methodology; reports of using optical fiber for guided-wave excitation also exist, but these 
attempts are still confined to the laboratory. 
 

 
Figure 6 Block diagram of the pitch-catch damage identification procedure [16]  

The ASD approach was developed [16][18] to identify impact damage location and size in 
composite specimens using the changes in the diagnostic signals due to wave-scatter at the 
damage sites. A block diagram of the ASD process is presented in Figure 6. Kirchhoff plate 
model and effective stiffness and mass parameters obtained through CLT analysis were used. It 
is apparent that the PSD and ASD processes share the same structural model for simulating wave 
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propagation phenomena. In addition, the ASD model also needs to model the interaction of the 
diagnostic waves with the damage site. A unit damage identification cell (UDIC), as defined by 
four actuator-sensor transducers, was considered [18]. A round-robin transmission-reception 
(pitch-catch) process between the four transducers takes place. The transducer acting in actuator 
mode generates a diagnostic wave that interacts with the composite structure and is modified by 
the damage. The wave is received at the other three transducers acting as receivers. The six 
possible transducer pairs define six path-dependent signals. For each path, a scatter signal is 
defined as the difference between the previously stored baseline signal (pristine specimen) and 
the current signal (damaged specimen).  
 Another term used for the ASD method is ‘embedded pitch-catch’ [36]. The pitch-catch NDE 
method is used to detect structural changes that take place between transmitter transducers and 
receiver transducers. In embedded pitch-catch NDE, diagnostic waves emitted by the transmitter 
piezo wafers are caught by the receiver piezo wafers. Guided waves traveling through a damaged 
region change their characteristic. The detection of damage is performed through the 
examination of the guided-wave amplitude, phase, dispersion, and TOF in comparison with a 
“pristine” situation. Guided-wave modes that are strongly influenced by small changes in the 
plate thickness (such as the antisymmetric quasi-flexural Lamb-wave modes) are well suited for 
this method. The piezo wafer transducers are either permanently attached to the structure or 
inserted between the layers of composite layup. Typical applications include: (a) delamination 
detection in laminated composites, (b) disbond detection in adhesive joints and composite patch 
repairs, etc. Two embodiments of the ASD approach have been proposed for detecting the 
damage in the composite: (a) a standing-wave approach (i.e., analysis of structural vibration), 
and (b) a propagating-wave approach.  
 In the standing-wave approach, the built-in actuators are used to excite structural vibration 
which is analyzed using a frequency-domain method. The detection of damage is deduced from 
the differences in structural-response magnitude over a bandwidth of up to 2 kHz. However, this 
approach was found to be sensitive to boundary conditions and requires that the damage be at 
least 10% of the structure length scale to be easily detectable [37][38].  
 In the propagating-wave approach, a suitable diagnostic signal is transmitted from the 
actuators through the composite structure and received at the sensors. Preliminary results of 
experiments performed on cross-ply CFRP composite specimens [15] showed significant signal 
changes due to structural damage caused by the impact. 

4 FATIGUE SHM OF AEROSPACE COMPOSITES 
Another important objective of composites SHM research is the monitoring the damage of 
aerospace composites that appears during normal operational service. Such damage may be due 
to operational loads and environmental factors and may result in a gradual degradation of 
composite properties rather than the sudden changes that may appear due to accidental events, 
like the impact damage discussed in the previous section. 
 One way of monitoring this type of damage is through passive SHM methods, e.g., 
monitoring strain, acoustic emission (AE), operational loads, etc. The aim of these passive 
methods is to record what is actually happening with the composite structure and to act 
accordingly. For example, the loads applied to the composite structure can be monitored during 
normal operation conditions and compared with the design loads (both limit loads and fatigue 
spectra). If the differences between design loads and actual loads are significant, then 
adjustments can be made to the operational-life predictions and flight profiles. Another outcome 
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of passive monitoring could be the identification of changes in the strain distribution pattern over 
the structure that might be indicative of partial local failures (e.g., microcracks and 
delaminations) that may affect the load paths in a fail-safe structural design. In addition AE 
monitoring could detect when actual local failures happen by recording the waves created by the 
elastic energy released by a ‘popping’ crack.  
 

 
Figure 7 Space-qualified onboard FBG strain measurement on a composite LH2 tank: (a) 

schematic of the experimental setup for the cryogenic pressure test; (b) schematic of 
the telemetry measurement system for the RTV flight experiment; (c) typical 
recorded data [39] 

Reference [40] reports multichannel fiber Bragg gratings (FBG) strain monitoring systems 
installed on a sailing yacht and a turboprop aircraft. Reference [41] reports fiber-optic multipoint 
strain measuring on two full-scale CFRP vehicles, an American’s Cup class yacht and an 
experimental reentry vehicle. Reference [42] describes multipoint FBG strain measurements on a 
seagoing GFRP ship. Reference [43][39] discuss a space-qualified onboard FBG system used to 
monitor the strain on a CFRP composite LH2 tank installed on a reusable launch vehicle (RLV) 
test article. Reference [44] presented the use of embedded fiber optics to measure the strain 
distribution in a composite repair during static and fatigue testing. Reference [45] used 
conventional strain gages to monitor delamination in a composite T-joint. Reference [46] reports 
the use of both conventional strain gages and fiber-optic FBG sensors to measure strain in an 
aircraft wing section having CFRP composite skins with both co-cured and co-bonded stiffeners. 
Reference [47] describes the use of a dual-demodulator FBG system to measure both the strain 
and the acoustic emission signal emanating from the damage created in a cross-ply laminated 
composite under tensile loading. 
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 (a)           (b)  
Figure 8 Composite specimen subjected to tension fatigue and monitored with pitch-catch 

guided waves: (a) specimen geometry (cm) and SMART Layer™ actuators and 
sensors locations; (b) actual photo of the specimen mounted in an MTS testing 
machine [48]  

Another approach is to try to monitor the actual fatigue damage induced in the composite by the 
repeated application of service loads. Fatigue damage in composites is substantially different 
from fatigue damage in metallic structures. Most results reported so far deal with monitoring 
matrix microcracking and subsequent delamination that appears during cyclic loading in 
aerospace composites. Various passive and active SHM methods have been developed including 
fiber optics measurements, pitch-catch piezo measurements, electrochemical impedance 
spectroscopy (ECIS), etc. Tanaka et al. [49][50][51] studied the detection of transverse cracks in 
CFRP composites using embedded FBG sensors. Larrosa et al. [48] studied pitch-catch detection 
and estimation of composite fatigue damage in the form of matrix microcracks and delamination 
using SMART Layer™ strips placed toward the specimen ends. Reference [52] compared the 
use of various signal analysis methods to monitor the damage initiation and progression in a 
composite wind turbine rotor blade during fatigue testing. 
 The use of electrical resistance method to monitor in-service degradation and fatigue of 
carbon-fiber-reinforced polymer (CFRP) composites has also received extensive attention 
[53][54][55][56][57]. This approach is specific to CFRP composites because their carbon fibers 
have electrical conductivity which is imparted to the overall composite through the fact that 
individual fibers embedded in the polymeric matrix occasionally make contact when bunched 
together in the composite system. Early tests have shown that as the CFRP material is loaded, its 
electrical resistance changes thus acting as a built-in indicator of microcracks, delamination, and 
other fatigue damage types taking place in the CFRP composite. These initial concepts have been 
extended through a wide body of research including measurement and mapping of both the 
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electrical resistance and the electrical potential of the composite using different electrode 
patterns and current injection methods. 
 Another important topic is the monitoring of disbonds and delamination in composite patch 
repairs, composite adhesive joints, in nonconductive glass-fiber-reinforced plastic (GFRP) 
composites, etc. Results obtained with guided-wave methods as well as with dielectric 
measurements have been reported [58][59][60][61][62][63]. 
 

5 SUMMARY AND CONCLUSIONS 
This paper has attempted to briefly review the composite damage types and the attempts done so 
far in monitoring damage and degradation in high-performance composites. Most of these 
attempts have been experimental with the focus being on developing adequate sensors and signal 
processing techniques to detect damage presence and monitor its growth. More complicated 
aspects, such as probability of detection, have not been yet addressed. 
 It is apparent that the need exists for a predictive modeling methodology that could relate 
directly the presence of structural flaws to changes in the signal of structural sensors. Such a 
predictive methodology would be able to simulate how sensor signal changes in response to 
various structural scenarios (configuration changes, different flaws, material properties 
modification, bolts loosening, etc.). A predictive modeling methodology would enable 
identifying the sensors sensitivity and specificity to structural changes (intentional or accidental), 
determining best sensor placement layout, running parameter studies, etc. To date, such a 
predictive modeling methodology does not exist, although attempts have been made by some 
authors in simple cases by using finite element analysis and model updating. 
 If damage is present in the composite structure, then the ultrasonic guided waves traveling in 
the structure will be modified by the damage presence through scatter, mode conversion, 
reflection, transmission, and nonlinear harmonics. This problem is much more challenging than 
in metallic structures because of the various types of composite damage may appear: (1) 
delaminations; (2) matrix cracking; characteristic damage state (CDS); (3) cracking with fiber 
bridging; (4) local fiber breakage; (5) fatigue degradation and stiffness loss; (6) environmental 
degradation; (7) joints disbonds; (8) nonlinear effects. 
 Sustained fundamental and applied research efforts are needed to advance the state of 
knowledge in the SHM of aerospace composites and develop viable and robust SHM systems. 
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