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Summary 
 
In recent years more emphasis has been placed on in-situ condition based monitoring of 
engineering systems and structures. Aerospace components are manufactured from 
composite materials more often. Structural health monitoring (SHM) systems are 
required in the aerospace industry to monitor the safety and integrity of the structure 
and will ensure that composites reach its full potential within the industry. Damage 
detection techniques form an integral part of such SHM systems. 
 
With this work a damage detection technique is developed for intended eventual use on 
composite structures, but starting first on isotropic structures. The damage mechanism 
that is of interest is delamination damage in composites. A simple numerical equivalent 
is implemented here however. Two damage indicators, the strain cumulative damage 
factor (SCDF) and the strain-frequency damage level (SFDL) are introduced. The 
respective damage indicators are calculated from output-only strain and acceleration 
response data. 
 
The effectiveness of the system to detect damage in the structure is critically evaluated 
and compared to other damage detection techniques such as the natural frequency 
method. The sensitivity to damage and performance of both these indicators is examined 
numerically by evaluating two deterministic damage cases. The numerical study is 
enhanced through the use of an updated finite element model. The minimum number of 
sensors capable of detecting the presence and locate damage spatially is determined from 
numerical simulations. Monte Carlo type analysis is performed by letting the damaged 
area vary stochastically and calculating the respective damage indicators. 
 
The model updating procedure from measured mobility frequency response functions 
(FRFs) is described. The application of the technique to real structures is examined 
experimentally. Two test structures with two different damage scenarios are examined. 
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The spatial location and presence of damage can be established from both the SCDF and 
SFDL values, respectively. The spatial location obtained from the SCDF values 
corresponded to the known damage location for both the numerical and experimental 
study. The SFDL proved to be more sensitive than the natural frequency method and 
could be used to calculate the level of damage within the structure. 
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Chapter 1:  Introduction and literature study 
 
 

1.1 Introduction 
 
Structural health monitoring (SHM) of engineering structures and systems in the 
aerospace/space and automotive industry has been receiving increased attention. In the 
US, initiatives for research and development of new practices and techniques for 
structural health monitoring of bridges have started. The Japanese have also launched 
programmes for structural health monitoring of their infrastructure. The European 
initiatives focus more on the structural health monitoring of their transportation 
infrastructure (Wenzel and Pichler, 2005).  
 
Health monitoring of structures are required to ensure their integrity (Staszewski, Boller 
and Tomlinson, 2004). Structural health is directly related to structural performance and 
therefore safety. SHM can be used to identify whether a structure needs to be repaired 
immediately or if repairs can be postponed. Repairs are either directly or indirectly 
related to cost. It is, for example, directly related to cost through repairs and 
manufacturing of new parts. Indirect cost is related to downtime of a machine or loss of 
use of infrastructure (Wenzel et al., 2005). Damage detection techniques form an integral 
part of a health monitoring system. 
 
Current damage detection methods used for condition assessment of structures are 
either visual or localised methods (Teughels, Maeck and De Roeck, 2002). These methods 
include acoustic or ultrasonic, magnetic field, radiography, eddy current and thermal 
field methods (Lauwagie, Sol and Dascotte, 2002) . One disadvantage of local methods is 
that they are usually limited to detecting damage near or on the surface of the structure 
(Teughels et al., 2002; Dynamic Design Solutions NV, 2008a; Lauwagie et al., 2002). 
Other disadvantages of these methods are that the location of the damage has to be 
known a priori and the part of the structure to be inspected should be accessible to 
maintenance workers. 
 
Civil engineers, concerned with the safety and maintenance of infrastructure, are aware 
of the limitations of their current inspection and damage detection methods. There is a 
need for health monitoring systems that can support the current methods and maybe 
even overcome their limitations (Wenzel et al, 2005). One of the proposed methods, that 
may be able to support and possibly overcome the limitations of the current methods, is 
global damage detection techniques. Global damage detection techniques are non-
destructive and are based on the fact that the vibration characteristics of a structure 
change due to the presence of damage (Pandey, Biswas and Samman, 1991, Teughels et 
al., 2002, and Maeck , 2003). 
 
There is a growing need in the development of UAVs to have these aircraft fly for super 
long endurance flights, up to five years (Maneschijn, 2008). UAVs are also designed to be 
lightweight and are very often manufactured partly from composite materials. The 
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algorithm. In recent years these sensitivity based finite element model updating 
techniques have been used for damage assessment (Teughels et al., 2002). 
 
Wenzel et al. (2005) and Teughels et al. (2002) showed that model updating can be used 
for damage detection which can be used for structural health monitoring. The method of 
damage detection by means of model updating is described as follows and is shown as a 
flowchart in Figure 1-1 : 
 

1. Tuning a finite element model to the undamaged structure by means of model 
updating (this is the reference model). 

2. Tuning the reference finite element model to the damaged structure by means of 
model updating (this is the damaged model). 

3. The parameters that were tuned to obtain the damaged model can then be used 
to determine the location of the damage. This can be done by plotting the 
distribution of the updated model parameters and to see where the greatest 
changes have occurred. 

 

 
Figure 1-1: Flowchart of the damage detection process by means of model updating (Wenzel et 

al., 2005) 

 
Teughels et al. (2002) demonstrated this global method to locate damage in a reinforced 
concrete beam. This model updating method was also applied, with success, to the Z24 
highway bridge in Switzerland (Teughels and De Roeck, 2004). The FE model updating 
method is an efficient vibration-based damage detection technique (Wenzel et al, 2005). 
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structure is excited and the forcing function corresponds to the natural frequency of the 
system, a sharp peak is observed on the FRF. The phase of the response also changes by 
180° as the forcing function crosses the natural frequency (Rao, 2004). 
 
The modal analysis, and therefore the FRF measurements, can be used for a wide 
variety of applications. One of these applications is to use these measurements to 
validate a mathematical (or FE) model and to check modelling assumptions (Ewins, 
1995). Both the natural frequencies as well as the mode shapes can be used to update the 
FE model. The natural frequencies can be measured with an error around 1%, but the 
measurements on the mode shapes can be 20% in error (Abdel Wahab et al., 1999).  
 
1.2.2.1 Ambient excitation and vibration monitoring 
 
It is sometimes difficult to measure the force imparted on an operational structure. 
Other techniques are required to measure and calculate the modal properties of such 
structures. With the advent of more sensitive measurement equipment and more 
sophisticated computers and software, it is now possible to perform dynamic 
measurements on structures that are excited by means of ambient or natural excitation. 
Ambient excitation is typically associated with sources such as the wind, traffic or impact 
loads. One of the disadvantages of ambient excitation is that the higher frequency modes 
are not always excited well by ambient sources (Wenzel, et al., 2005). With ambient 
excitation it is usually difficult to measure the input forces imposed on the structure. It is 
therefore usually assumed that the input force is random. 
 
The process of finding the modal model associated with a structure from vibration data is 
called system identification. In order to perform system identification on a structure that 
is excited by means of ambient excitation, the stochastic subspace identification (SSI) 
method originated. This method is used to determine the natural frequencies, modal 
damping and is able to construct the mode shapes from measurements, without 
measuring the input force. 
 
The natural frequencies can be determined from measurements made with sensitive 
accelerometers. The natural frequencies can be determined from the spectrum of the 
acceleration data measured on the structure. This can be done by applying the fast 
Fourier transform (FFT) directly to the acceleration data and obtaining the spectrum. In 
the process described by Wenzel, et al. (2005), it is shown that the various FFTs (from 
different checkpoints on the structure) can be averaged and normalised in order to obtain 
a so-called ANSPD (averaged normalized power spectral density) spectrum. From this 
averaged spectrum the natural frequencies of the structure can be determined. 
 
The mode shapes are determined by comparing the measurements made by the different 
accelerometers to a reference accelerometer. Scaled mode shapes can be obtained by 
comparing the measurements from different points to the reference accelerometer. These 
mode shapes are operational deflection shapes and are a superposition of other natural 
modes close to the mode under consideration. Only when the modes are well separated 
will the operational shape resemble the natural mode at the frequency of interest. These 
operational shapes can be compared to the analytical operational shapes in the MAC and 
be used for model updating. 
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military aircraft as they fly at high angles of attack. Commercial aircrafts do not fly at 
these high angles of attack, but buffeting can still occur. Separated flow can occur on the 
main wing surfaces and then impinges on the tail. This can excite the tail as well as the 
fuselage modes (Braun et al., 2002). 
 
1.2.2.2 Strain modal analysis 
 
There is a problem with obtaining dynamic strain or stress responses from accelerometer 
data. The accelerations must be integrated twice to obtain displacements which in turn 
must be differentiated spatially to obtain strain responses. This leads to difficult 
mathematical manipulation and the quality of accelerometer data can be insufficient to 
accurately estimate the dynamic strains and stresses. This problem can be circumvented 
by directly measuring the strain responses and constructing a strain FRF and if the 
input force is measured, the strains can be compared to predicted strains obtained from 
FE models (Vári, 1995). 
 
Ewins and Bernasconi (1989) demonstrated that mass-normalised modal strain fields or 
strain mode shapes can be computed from the parameters obtained from modal testing 
with strain gauges as well as displacement transducers. Modal tests as well as numerical 
analyses were performed on two real structures. The first real structure was a cantilever 
beam that had an abrupt change in cross section to induce a stress concentration. The 
computed FE results were compared to both the modal strains obtained directly and 
through spatial differentiation. The modal strains obtained from differentiation were 
shown to be less accurate in comparison with the FE modal strains and the modal 
strains measured directly. The second real structure was a curved plate and in this 
example the effectiveness of the strain modal tests for measuring multidimensional 
modal strain fields w as illustrated. The multidimensional strain field on the surface of a 
structure was measured with a strain rosette. The maximum normal stresses that 
resulted from these measurements for two natural frequencies were determined and 
compared to an FE model. It was shown that the direction of maximum stresses can be 
predicted accurately (Ewins et al., 1989). 
 
Strain modal testing provides an alternative to displacement modal testing. Structural 
modification by means of strain modal testing was investigated by Vári (1995). Strain 
measurements were carried out in conjunction with displacement measurements and 
thus strain modal testing was used to complement displacement modal testing. Different 
structural modification methods together with the advantages and disadvantages to 
strain modal testing were investigated (Vári, 1995). 
 
Four different analytical equations of the strain FRF were derived and described by Vári 
(1995). It was shown that the strain mode shape and the displacement mode shape are 
related to one another by deriving an analytical solution to strain FRF from first 
principles (Yam, Leung, Li and Xue, 1996). They all showed that the strain FRF matrix 
is not necessarily square and it is not symmetric, therefore it does not obey the principle 
of reciprocity, and the analytical equations contain both the displacement and strain 
mode shapes (Vári, 1995). This is different from displacement FRFs which are 
symmetrical in form and obey the principle of reciprocity (Ewins, 1995). 
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The updating parameters become these factors by which each damage function should be 
multiplied before they are combined. The model updating process is then applied to the 
damage elements and therefore updates the factors by which each damage function 
should be multiplied. The model parameters can be derived from the factors of the 
damage function to obtain usable model parameters. 
 
The model parameters obtained from these functions can be used to represent damaged 
zones in the structure. Teughels et al. (2002) consider the method to be most applicable 
to structures whose damage pattern can be presented by a reduction in element bending 
stiffness. They then illustrate the use of damage functions and damage elements in the 
model updating process by applying the damage functions in the model updating process 
to a free-free reinforced concrete beam. 
 
Teughels and De Roeck (2004) illustrate a method of damage detecting by means of 
updating an FE model with modal data. The differences in natural frequencies as well as 
the unscaled mode shapes are minimised in order to obtain an updated model. The 
modal data is derived from ambient vibrations. Damage functions are used to 
approximate the stiffness distribution and to reduce the number of unknowns. The 
Gauss-Newton method with the trust region strategy is proposed to improve general 
sensitivity based model updating methods. The trust region strategy is applied to enforce 
constraints on the parameters. This trust region only allows the parameters to be varied 
in a predetermined region and any variation outside this region is not allowed. The trust 
region method makes the updating process more stable. It is shown that significant 
improvements in the natural frequencies as well as in the MAC values may be obtained 
when the model is updated in this way. 
 
The method proposed by Teughels et al. (2004) was applied to a real civil structure, 
namely the Z24 highway bridge in Switzerland, as was stated in paragraph 1.2.1.2. The 
torsional and bending stiffness of the bridge girder were used as the updating 
parameters. The multiplication factors, by which each damage function should be 
multiplied, were determined by means of optimisation and used to establish a damage 
pattern, which proved to be a realistic damage pattern. The damage pattern results were 
compared to the results of the direct stiffness calculation, which showed good correlation. 
 

1.2.4 Structural health monitoring in the aircraft 
industry 

 
Carbon fibre reinforced polymers are being used more frequently in the aerospace 
industry due to their high strength to weight ratio. One of the disadvantages of using 
composites in primary structures is that when they do fail, the damage propagates with 
little or no indication, accompanied by zero yielding before failure. It is necessary to 
inspect these structures regularly, but this can be expensive and time consuming. 
 
Structural health and usage monitoring are particularly important in the aircraft 
industry (Staszewski et al., 2004) . Structural health monitoring (SHM) techniques that 
are applied in industry today are based on pessimistic prediction and require periodic 
inspection by means of non-destructive testing. These non-destructive testing methods 
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materials, but these materials are essential to increase the flight times. There are 
various advantages and disadvantages to using composites. The advantages of 
composites include the low weight, excellent corrosion resistance, high resistance to 
fatigue, reduced machining, the stealth nature, etc. The disadvantages include the high 
cost, lack of established design criteria, poor energy absorption, etc. (Borchardt, 2004). 
 
Saving in weight, between 15-45% is possible with the use of composites. They are 
mainly used in moderate load-bearing components, such as the elevators. It is possible to 
reduce the weight even more, but then the composites will have to be used in higher 
load-bearing components such as the tail, wings and fuselage. 
 
Structures manufactured from fibre reinforced plastics are usually built up by stacking 
and bonding layers of these fibres on top of one another. This construction leads to 
damage types that are different from those found in isotropic materials. The main 
damage types that need to be detected in UAVs after manufacture and flights are cracks, 
delaminations in the skin, debonding between skin and core and defects in the core. The 
most common type of damage is delamination damage. Due to the fact that the bonds 
exist underneath the surface of the structure, it  is very difficult to detect visually (Grouve 
et al., 2008). Damage in composites eventually leads to failures as is the case with 
damage in components manufactured from isotropic materials. The detection of these 
damage types is therefore critical to proper UAV maintenance and a long service life 
(Borchardt, 2004). 
 
Delaminations in the composite layers are caused by surface impacts. If the energy that 
is absorbed by the material is greater than a certain threshold, the internal bonding 
between the layers is broken. This delamination causes the layers to become free to glide 
along the fibre planes; which causes a reduction in bending stiffness and increase in 
friction between the layers. The reduction in bending stiffness can be attributed to the 
fact that delamination causes the area moment of inertia to decrease for the delaminated 
section. The reduction in bending stiffness may be observed as a decrease in the natural 
frequency (Grouve et al., 2006) as well as an increase in modal damping (Keye, 2006). 
 
Grouve et al. (2008) investigated the use of a simplified model, based on natural 
frequency shifts, to detect delamination damage in a plain cantilever beam. The resonant 
frequencies of a laminated composite beam are sensitive to damage due to delamination. 
The magnitude of natural frequency shift, due to delamination damage, is dependent on 
the location as well as the size of the delamination. It was shown that the natural 
frequencies of such a laminated beam can be measured by means of fibre Bragg gratin gs. 
 
Strain measurements are not commonly used for condition monitoring. There is a 
growing need to monitor the strains and subsequently monitor the health of a structure. 
One such structure is the rotor blades of a wind turbine which are manufactured from a 
composite material, usually glass fibre-reinforced plastic. These blades are exposed to 
fluctuating wind loads and are exposed to faults like fatigue and cracks within the blade 
structure. Strain measurements can be vital to monitoring the structural health of the 
blades (Hameed, Hong, Cho, Ahn and Song, 2009).  
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Strain measurements by means of strain gauges are difficult to implement as these 
sensors are not ideal and robust for long term application. There are, however, new 
technologies emerging that make long term strain measurement possible. One of these 
new strain measurement technologies is a fibre Bragg grating that is built-into a fibre 
optic cable. It  can be imbedded into the glass fibre-reinforced plastic of the rotor blades of 
wind turbines, without overly disturbing the laminate. Once these technologies become 
cost-effective, condition monitoring systems based on strain measurement will become 
more relevant (Hameed et al., 2009). 
 
SHM systems can be used to detect damage in composite components (paragraph 1.2.4). 
UAVs present an ideal platform for research and development of such a SHM system. 
This development can be aided by an FE model of the UAV. The UAVs are almost 
entirely manufactured from composites, they fly for extended periods near the edge of 
their design envelope and because they are unmanned and cost less than manned 
aircraft, the regulations on using unqualified hardware are not enforced as strictly as for 
manned aircraft (Oliver et al., 2006 ). 
 
1.2.5.1 Development of a finite element model for the 

development of structural health monitoring 
techniques in composites 

 
In order to perform research and development of a SHM system, Oliver et al. (2006) 
constructed an FE model of a fully composite wing, performed modal tests on the 
individual structural components of the wing, as well as the assembled wing, and 
validated the FE models for further research.  
 
Oliver et al. (2006) constructed a fully composite wing to serve as a test piece, in which 
the composite material layups and bonding could be chosen before the FE modelling. 
Four main components were manufactured and assembled, namely the top skin, the 
bottom skin, the main spar and the aft spar. The layups and composite materials as well 
as the FE modelling of the individual parts and the assembled wing are described by 
Oliver et al. (2006). 
 
The FE model updating is not performed directly on the FE model. Instead a meta-model 
(or model of the FE model) is constructed and updated. Parameters in the meta-model 
are changed during the updating process and the results exported and implemented in 
the FE model to obtain a validated model. This FE model can then be used to introduce 
damage in the modelled structure for further analysis and to validate the developed 
techniques. 
 
The elements chosen by Oliver et al. (2006) could model the anisotropy of the composite 
material. Model updating provided significant improvements in the FE model. It was 
shown that it is necessary to construct FE models of the wing and its components. These 
models have to be validated to ensure that no misleading results are obtained. 
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1.2.5.2 Delamination damage in multi-layer composites 
 
The effects of delamination on the natural frequencies and mode shapes of a multi-
layered composite plate were studied numerically by Alnefaie (2009) using a three-
dimensional FE model. The model took into account the layer orientation as well as the 
transverse shear effect. It was validated by comparing the natural frequencies of the 
model to models and experimental results from three other authors. The new FE model 
proved to be more accurate in all three comparisons. 
 
Dynamic analyses were performed on an intact as well as damaged FE model. The 
laminates were modelled to ensure that continuity on the displacements and its 
derivatives at the coincident nodes of the different layers are maintained. The 
delamination was modelled by detaching the coincident nodes between the layers where 
the damage is located. It was simulated by a separation of 0.02 mm between the third 
and the fourth layer from the top. The effects of the delamination sizes upon the natural 
frequencies, relative displacement between two layers and mode shapes were evaluated. 
 
It was shown that delamination has a less significant effect on the natural frequencies 
compared to the mode shapes, although the change in natural frequencies increases as 
both the damage size and mode order are increased. The detection of the damage is mode 
dependent, as the modes having large displacements in the delaminated region, ar e 
affected most by the delamination. 
 
1.2.5.3 Identifying damage in composites by monitoring 

the modal damping 
 
Keye (2006) investigated a model-based damage detection method to identify and locate 
delamination damage in carbon fibre reinforced polymers. The method is based on the 
changes in modal damping due to delamination. The modal damping is determined from 
an experimental modal analysis as well as from a numerical model. The experimental 
and numerical damping values are compared through a correlation coefficient, which in 
turn is used to localise the damage. 
 
This method appears to be very promising since the damage location can be predicted 
very accurately. However, it appears to be computationally inefficient as all the possible 
damage locations have to be simulated in order to locate the damaged area. Without 
prior knowledge of the likely damage location, this is immensely time intensive. 
 

1.3 Scope of work 
 
A definite need for a damage detection method for use in composite aerospace structures, 
such as UAVs, has been identified from the literature reviewed in paragraph 1.2. This 
need arose from the fact that aerospace structures are required to further reduce the 
weight and allow the aircraft to remain airborne for long periods of time . Composite 
structures are available for this application, but they need to be monitored to ensure its 
integrity and safety. Technologies such as fibre optic Bragg gratings are becoming more 
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Table 2-2: UAV specifications 

Unmanned aerial  
vehicle  

Max . altitude  
[ft. ] 

Radius  
[km ] 

End urance  
[hours ] 

Gross mass  
[kg ] 

Wing span  
[m] 

RQ-2B Pioneer 15 000 185.20 5 205.02 5.18 
RQ-5A Hunter  15 000 266.69 11.6 734.82 8.90 
MQ-5B Hunter  18 000 266.69 18 816.47 10.44 
RQ-7A Shadow 200 14 000  125.94 5 148.32 3.90 
RQ-7B Shadow 200 15 000 125.94 7 170.10 4.27 
Neptune  8 000 74.08 4 36.29 2.13 
XPV-1 Tern  10 000 74.08 2 58.97 3.47 
FPASS 1 000 11.11 1 3.18 1.31 
Pointer  1 000 11.11 2 3.76 2.74 
Silver fox  16 000 37.04 10 9.07 2.38 
I-Gnat -ER 25 000 277.80 30 1 043.26 14.94 
MQ-1 Predator  25 000 926.00 24 1 020.58 14.84 
RQ-4A Global Hawk  65 000 10 000.80 32 12 133.60 35.42 
RQ-4B Global Hawk  60 000 10 000.80 28 14 628.35 39.90 
MQ-9 Predator B  50 000 3 704.00 30 4 762.72 20.12 
Altus I  65 000 740.80 24 966.15 16.52 
Altus II  65 000 740.80 24 966.15 16.52 
Boeing X-45C 40 000 2 222.40 7 16 556.12 14.94 
Grumman X -47B 40 000 2 963.20 9 20 865.25 18.90 

 
Table 2-3: Airfoils of the different UAVs 

Unmanned aerial vehicle  Airfoil at root  Airfoil at tip  
RQ-2B Pioneer NACA 4415  NACA 4415  
RQ-5A Hunter  Unknown  Unknown  
MQ-5B Hunter  Unknown  Unknown  
RQ-7A Shadow 200 NACA 4415  NACA 4415  
RQ-7B Shadow 200 NACA 4415  NACA 4415  
Neptune  Unknown  Unknown  
XPV-1 Tern  Unknown  Unknown  
FPASS Unknown  Unknown  
Pointer  Unknown  Unknown  
Silver fox  Unknown  Unknown  
I-Gnat -ER Drela GW -25 Drela GW -27 
MQ-1 Predator  Drela GW -19/GW-25 Drela GW -27 
RQ-4A Global Hawk  NASA LRN 1015  NASA LRN 1015  
RQ-4B Global Hawk  NASA LRN 1015  NASA LRN 1015  
MQ-9 Predator B  Drela GW -19/GW-25 Drela GW -27 
Altus I  Drela GW -19/GW-25 Drela GW -27 
Altus II  Drela GW -19/GW-25 Drela GW -27 
Boeing X-45C Unknown  Unknown  
Grumman X -47B Unknown  Unknown  

 

2.1.1 Wing planform description 
 
The two dimensional planar view of the UAV wing and fuselage is used to create a 
family of wings representative of real UAVs (paragraph 2.1). One of the main problems is 
to identify what shape and description can be used to create such a family. 
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point, within the FE model as well as in the experimental study, in order for the results 
to be comparable. 
 
The excitation is defined as force normal to the structure, thus out of the plane shown in 
Figure 2-5 . This excitation force is frequency dependent and should be applied over a 
chosen frequency range. The force used in the FE model has an amplitude of 1 N and is 
defined over a frequency range from 0 to 1350 Hz, as this excites the structure up to the 
11th mode as shown in Table 3-2. 
 
The excitation force should ideally be located at a position where the force imparted to 
the structure excites all the modes under consideration, and should not coincide with any 
of the nodal lines of any of the modes. The normal modes were manually inspected to 
find a position that is not on or very close to the node or nodal line of a mode. The chosen 
location have x-y coordinates as shown in Table 2-12 (corresponding to node 4287 of the 
FE model). 
 
Table 2- 12: Coordinates of excitation position 

Coordinate  Value  [m] 
x -0.02652 
y -0.06522 

 
It is possible to perform a pre-test analysis with software such as FEMtools (2008). This 
allows one to determine the optimum sensor locations. The analysis can be performed by 
either looking at the normalised modal displacement or by computing the nodal kinetic 
energy. If the normalised modal displacement method is implemented, the driving point 
residuals (the location where the excitation and measurement degree of freedom 
coincide) are computed and compared for a range of mode shapes which are included in 
the calculation. This analysis provides the ideal sensor locations. Since the drive point 
residuals are computed, these locations are also ideal excitation positions (Dynamic 
Design Solutions, 2008b). The position that was determined from inspection was close to 
a position that was determined by means of the pre-test analysis. It was assumed that 
this excitation position is adequate for the numerical as well as the experimental study. 
 

2.3.2 Damping in the finite element model 
 
Damping in a structure is usually the most uncertain parameter to predict and may be 
caused by various mechanisms. One of the main mechanisms of damping is structural or 
hysteretic damping. This is usually caused by energy dissipation within the material and 
friction due to connections and between structural components. Damping can be 
calculated from the logarithmic decrement over decaying oscillations in the time domain . 
There are other ways in which the damping in the structure can be determined. The 
modal damping can be estimated from a modal analysis performed on a structure. It is 
also possible to estimate the damping by updating an FE model with measured FRFs 
(Dynamic Design Solutions NV, 2008b). 
 
It is necessary to specify damping in the FE model when a frequency response 
calculation is performed. It is possible to define damping within Patran by specifying the 
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percentage of critical damping ratio, the hysteretic damping value or the dynamic 
amplification factor. These values are all interrelated and if one of them is specified, the 
other two can be determined. The modal damping used in the FE model is estimate d 
from model updating with measured FRFs within FEMtools. 
 

2.3.3 Updated finite element model 
 
The dynamic FE model that was described thus far is an estimate to a real structure. 
The validity of the model has not been proven and it is not known how well this FE 
model approximates the real structure. The FE model was updated to improve the 
correlation between the experimental structure and the numerical estimates. The 
updating process and the correlation between the FE model and measured data are 
described in detail in paragraph 4.2.2. 
 
The updated FE model with updated physical material properties as well as updated 
modal damping is used in the FE model for all the numerical simulations in chapters 3 
and 4. 
 

2.4 Strain response calculation 
 
The FE model of the wing family is constructed with the length of the wing in the x-
direction and the height of the beam in the y-direction. Such a geometry and mesh is 
shown in Figure 2-9  for the MQ-1 Predator UAV. This geometry was constructed from 
the parameters defining the family of wings, which are summarised in Table 2-4. The 
parameters are normalised with respect to the wing span. 
 
One requirement of the strain-curvature relationship and the flexural formula is that the 
geometry of the beam should be symmetrical about the y-axis as was shown in Figure 
1-3 (paragraph 1.3). This is equivalent to the FE model of the family of wings, being 
symmetrical about the z-axis of Figure 2-9  when applying the strain-curvature 
relationship. This is the case as the geometry is symmetrical about the z-axis along the 
x'-axis (Figure 2- 10). 
 
It is required to measure the strains on the surface at a position that is not located on the 
x'-axis, but rather on the line defined by the x 1-axis (Figure 2- 10) that corresponds to one 
of the lines defined on the FE mesh. The x 1-axis changes its orientation as the symmetry 
line changes its orientation. 
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Chapter 3:  Numerical study 
 
 
This chapter is concerned with the numerical implementation and validation of the 
proposed method. The performance of the parameters can be judged when it is 
implemented on a real structure or equivalent numerical model. Vast numbers of test 
cases can be studied numerically, because changes and simulated measurements can be 
made relatively quickly in a numerical domain. The FE model created for the family of 
wings was described in chapter 2 and is implemented in chapter 3 for the numerical 
study. 
 
The objectives of this chapter are to: 
 

1. Investigate the influence of damage on the change in the two damage indicator 
values to evaluate  the damage detection capabilities of the proposed damage 
indicators.  

2. Investigate the effects of damping on the SCDF values. 
3. Study the effects of the way in which damage can present itself in the structure 

on the damage indicators. 
4. Investigate the proposed damage detection method, with accompanying 

indicators, as it applies to different members of the family of wings. 
5. Determine the minimum number of sensors, as well as the placement of these 

sensors on the structure, to be able to detect and localise damage. 
6. Evaluate the performance of the proposed indicators when the damage location is 

unknown and random. 
 
With reference to Figure 3-1 , these objectives will be achieved by: 
 

1. Creating an updated FE model of the MQ-1 Predator wing and numerically 
studying two distinct deterministic damage cases as the damage level is changed. 
This analysis is performed in paragrap h 3.1.2.1 and 3.1.3.1. 

2. Using damage case 1 to numerically study the influence of damping on the SCDF 
values (paragraph 3.1.2.2). 

3. Modelling damage case 2 in two different ways, firstly with a shell element FE 
model and secondly with a hexahedral element FE model. The data is extracted 
at the corresponding positions and a comparison between the two models is made 
(paragraph 3.1.3.2). 

4. Creating FE models of other family members and creating deterministic damage 
cases in these models. The damage detection method is applied to these models 
and the performance of the proposed indicators is evaluated as it applies to other 
family members in paragraph 3.2. 

5. Stochastically (randomly) varying the location of damage within the FE model of 
the MQ-1 Predator wing structure and applying the damage detection method to 
the simulated values. This procedure is carried out whilst the number of sensors 
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are increased and the change in damage indicator values are examined and 
evaluated (paragraph 3.3.1). 

6. Studying the stochastic variation damage cases and evaluating the performance 
of the SCDF and SFDL values to localise and indentify the damage in the 
structure. 

 
Paragraph 3.1.1 serves as a supplement to the deterministic study performed on the 
MQ-1 Predator wing in paragraphs 3.1.2 and 3.1.3. It is used to describ e the natural 
modes that will be included in the analyses as well as the measurement locations for 
both acceleration and strain. 
 

 
Figure 3-1: Layout of chapter 3 

 

3.1 Deterministic variation of damage location 
within the MQ-1 Predator wing 

 
The deterministic numerical study of the SCDF values and the damage indicator (SFDL) 
is conducted on the MQ-1 Predator wing. The FE model of the Predator wing was 
created by following the modelling method explained in chapter 2. The updated model 
obtained from the model updating described in paragraph 4.2.2 is used for the numerical 
study on the MQ-1 Predator wing. The parameters used to construct the geometry were 
taken from Table 2-4 and normalised with respect to the wing span. These parameters 
are summarised in Table 3-1. Two damage cases are investigated and applied to the MQ-
1 Predator wing. 
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test structures are excited to excite the out of plane bending and torsional modes. Mode 4 
and 8 are therefore not excited and measured during the experimental study. Modes 4, 6, 
7, 8 and 10 are therefore excluded from the numerical study. The modes considered are 
modes 1, 2, 3, 5, 9 and 11. 
 
To verify the use of the damage indicator (SFDL), the process was started off with as 
many measurements as possible. These measurement locations were arbitrarily chosen 
to be 10 locations on the right and left part of the wing with 2 locations on the fuselage. 
The measurement locations on the wing sections are uniformly spaced throughout the 
FE model and their positions together with the measurement positions on the fuselage 
are shown in Figure 3-2 . When the measurement line is considered, it can be seen that 
the measurements are not made on the neutral axis of the structure, which makes it 
possible to measure the torsional modes, although they are not used in subsequent 
calculations. 
 
The strains are extracted at the nodes indicated by the yellow circles ( Figure 3-2 ), and 
these calculated strains serve as estimates to the measured strain. In the experimental 
investigation the measurements are made at these locations and lies on the x 1-axis 
(Figure 2- 10). The strain values at these nodes are extracted and converted to strains on 
the x1-axis and the damage calculation is performed on these transformed strains. 
 
For the numerical study, the accelerance FRF is only calculated at one node. This node 
serves as the reference acceleration node and the transmissibility functions are 
calculated by dividing the strain FRFs by the accelerance FRF at the reference node. The 
reference acceleration is measured at the green circle indicated on Figure 3-2  and the 
physical location is given in Table 3-3. 
 

 
Figure 3-2: Locations and numbers for strain measurements in yellow and location of the 

acceleration measurement in green for the FE model of the MQ-1 Predator wing 
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Figure 3-3: Damage location with measurement locations for deterministic damage case 1 

 

 
Figure 3-4: Strain field for first bending mode of the wing for case 1 with 50% damage 

 
3.1.2.1 Investigation of different levels of damage for 

case 1 
 
The level of damage is varied in this section by changing the thickness in the damaged 
area. The effect of the change in damage levels on the yCDF (equation 1.9), the SCDF 
(equation 1.10), the change in natural frequency and the damage indicator (SFDL of 
equation 1.11) values are now investigated. The damage varies from 5% to 50% in 5% 
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increments, and the thickness changes from 9.5 to 5 mm in increments of 0.5 mm. The 
natural frequencies and type of mode are listed in Table 3-5 against the mode numbers 
extracted from Patran for 10% to 50% in increments of 10% to show the change in 
natural frequency value as the damage is increased. 
 
In Table 3-5 the type of mode is indicated next to the damage level. If the mode type of 
the higher damage level corresponds to the mode types of the lower damage level, the 
mode types are only indicated next to the highest damage level that still shows this 
correlation. It can therefore be said that for 20% damage modes 6 and 7 were a vertical 
and torsional mode respectively, but at 30% these two modes swapped around and mode 
6 became a torsional mode whereas mode 7 became the vertical bending mode. As 
damage is introduced in a structure it is possible for frequencies to cross over. In other 
words the natural modes might change order after the damage was introduced or the 
damage level is increased. If these frequency crossovers are not known or are neglected, 
the diagnosis of the damage state will give incorrect results (Rytter, 1993). 
 
When the numerical calculations and comparisons are made, it is difficult to distinguish 
between vertical bending modes and torsion modes when only natural frequencies and 
strain values are available. It was therefore decided to exclude modes 6 and 7 as the 
situation might arise where strains from the vertical bending mode are compared to 
strains from the original torsional mode. 
 
Table 3-5: Type of mode shapes for damage levels of case 1 

Mode  
number  

10% 
Damage  

frequency  
[Hz ] 

20% 
Damage  

frequency  
[Hz ] 

Type  30% 
Damage  

frequency  
[Hz ] 

40% 
Damage  

frequency  
[Hz ] 

50% 
Damage  

frequency  
[Hz ] 

Type  

1 60.99 60.51 VB 60.05 59.66 59.33 VB 
2 154.65 153.88 VB 153.21 152.69 152.33 VB 
3 296.49 296.29 VB 296.08 295.88 295.68 VB 
4 379.05 379.25 IPB  379.46 379.66 379.85 IPB  
5 482.34 480.07 VB 478.23 476.91 476.14 VB 
6 710.15 708.37 VB 701.95 693.51 685.65 T 
7 718.68 710.51 T 706.98 705.88 705.17 VB 
8 839.04 840.31 IPB  841.58 842.83 844.04 IPB  
9 1002.80 1000.60 VB 998.58 996.72 995.15 VB 
10 1179.90 1168.70 T 1158.00 1148.10 1139.50 T 
11 1316.00 1311.70 VB 1308.50 1306.60 1305.90 VB 

 
Comparisons between the natural frequencies of the modes that are used in the 
calculation of the SFDL value are shown in Table 3-6 and Table 3-7. 
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Figure 3-5: yCDF-plots for 50% damage of case 1 for an increasing number of modes 

 

 
Figure 3-6: SCDF-plots for 50% damage of case 1 for an increasing number of modes 

 
When Figure 3-8  is examined it can be seen that there is mathematical noise in the CDF 
equivalent values. This type of mathematical noise is also evident from the CDF results 
published by Abdel Wahab (1999). When the SCDF values of Figure 3-7  are examined it 
is clear that the noise is less. The SCDF values, with the acceleration normalised strains, 
provide a clearer graph with less noise present than the CDF equivalent graph and the 
SCDF value is therefore preferred. 
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The criteria that is used to determine the damage location is by intuitively identifying 
the peaks on the SCDF plots. This could however lead to incorrect identification of a 
damage location. A damage detection method should ideally include criteria to determine 
whether damage has occurred at a particular location (Farrar et al., 1996). Investigations 
into such criteria did not form part of the present study. Due to the fact that the peaks 
can be distinguished quite clearly from Figure 3-6 , the criterion to look at the peak 
values of the SCDF that was applied here will be applied in the rest of the study. 
 

 
Figure 3-7: Variation of the SCDF values, when 6 modes are included in the calculation, as the 

damage level is increased for case 1 

 
The plots of Figure 3-5 , Figure 3-6  and Figure 3-7  are great for predicting the location of 
damage, but do not provide a single value to indicate whether damage is present or not. 
The SFDL was created to provide a parameter that is able to identify whether damage is 
present or not, by assessing its value. 
 
The effect that the level of damage and the number of modes included have on the SFDL 
value was studied and a carpet plot showing these effects is drawn as Figure 3-9 . When 
Figure 3-9  is inspected, it can be seen that generally, the SFDL value increases as the 
level of damage increases. It also appears as if the SFDL values become more constant 
when 3 or more modes are included. The plot appears to follow a straight line and thus it 
seems as if the SFDL value increases linearly as the level of damage is increased. This 
was investigated by fitting a power series, an exponential series and a straight line 
through the SFDL values when 6 modes are included. These curve fits are shown in 
Figure 3- 10. It is natural to expect that the SFDL value should equal zero when there is 
no damage present in the structure, thus the curve fits are required to pass through zero 
(or at least be close to zero) at 0% damage. 
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normalised strain values. The same type of curve fits used in Figure 3- 10 and Figure 
3-11, were created and are shown and discussed in Appendix B. The best fits were 
extracted and compared to the best fits of Figure 3- 10 and Figure 3- 11, with the results 
shown in Figure 3-12 . 
 

 
Figure 3- 11: Curve fits showing the relation between the SFDL value and the average difference 

in natural frequency for case 1 

 
When the two comparison plots of Figure 3-12  are examined, it is obvious that the SFDL 
values calculated from the undamaged normalised SCDF values scale the fastest in both 
cases. The undamaged exponent differs by 10.79% and 12.61% with respect to the 
damaged exponents of the two curve fits shown in Figure 3-12 , respectively. The 
exponents are rather close however, and gains obtained by normalising the SCDF and 
SFDL values with the undamaged values are slim. The normalisation with the damaged 
strain values are preferred, as they increase at a rate close to the undamaged normalised 
values and may provide an increased sensitivity when the measurement location is 
enclosed by the damaged area. The increased sensitivity when the damaged area 
encloses a measurement location is investigated in more detail in paragraph 3.1.3.1. The 
scaling of the SFDL when computed from the yCDF instead of the SCDF values is 
investigated in Appendix B. 
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Figure 3-12: Comparison of the scaling of the SFDL value with the SCDF normalised with the 

damaged and undamaged averaged strains for case 1 

 
3.1.2.2 The effects of damping on the SCDF 
 
Pandey et al. (1991) proposed a method of detecting damage from the differences in 
modal curvature. The CDF was proposed by Abdel Wahab et al. (1999) and it was shown 
in paragraph 1.3 that it is possible to calculate the CDF value directly from strain values 
at the natural frequencies of interest. It can be argued that the SCDF of equation 1.10 
can also be determined directly from strain values from a strain FRF at the natural 
frequency locations. This is a feasible way of determining the SCDF values. It is however 
not possible to measure a strain FRF whilst the aircraft is in the air. It was decided to 
use acceleration normalised strain values instead of just strain values alone in the 
calculation of the SCDF, as the acceleration normalised strain values can be measured 
during in-flight conditions. 
 
During the investigation of the proposed damage detection method, the SCDF values 
were initially calculated from strain values obtained directly from strain FRFs. This was 
done to verify that the method will work from strain values alone, as this is more or less 
equivalent to the CDF proposed by Abdel Wahab et al. (1999) and it is known that the 
damage location can be determined from the CDF values. When this investigation was 
performed it was noticed that the SCDF values calculated from strain values are very 
sensitive to the absolute strain values at the natural frequency locations. 
 
In practice it might be difficult to measure the FRF response at the resonant frequency 
with a high degree of accuracy due to the damping in the structure. If the structure is 
sufficiently damped the response at resonance can be measured relatively accurately 
(Ewins, 1995). The accuracy of the response measurement at resonance still remains a 
problem as there might be slight differences in the measured response of two consecutive 
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Figure 3- 13: Effect of damping on the calculation of the SCDF values 

 

3.1.3 Damage case 2 
 
In the second deterministic case, the damage is in an area that encloses two 
measurement locations (measurement locations 8 and 9 of Figure 3-2 ). In this case the 
reduction in load carrying capability causes a reduction in the strain measured at 
locations 8 and 9. 
 
The parameters chosen to define the damaged area are summarised in Table 3-8. The 
damaged area is equal to 6.972% of the right wing section and 3.2 40% of the total wing 
area. The x-location of the damaged area remains the same as in case 1, the y-location 
changed by shifting the damage area upwards. The damage location and the 
measurement positions for this damage case are shown in Figure 3- 14. The strain field 
distribution for this damage case is apparent from the strain plot of the first vertical 
bending mode for 50 % damage (Figure 3- 15). It is apparent from Figure 3- 15 that the 
measurement locations are in an area with lower strain values compared to the 
undamaged side of the wing. 
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Figure 3- 15: Strain field for first bending mode of the wing for case 2 with 50% damage 

 
3.1.3.1 Investigation of different levels of damage for 

case 2 
 
The damage is varied in the same way as in case 1. The damage is introduced from 5% to 
50% in increments of 5%, thus reducing the thickness in the damaged area from 9.5 mm 
to 5 mm in increments of 0.5 mm. The effects of the changes in thickness on values of the 
yCDF, the SCDF, the change in natural frequency and the SFDL are investigated. The 
type of mode for each natural frequency was extracted from Patran (2008) and is listed in 
Table 3-9 for damage levels at increments of 10%. 
 
Table 3-9: Type of mode shapes for damage levels of case 2 

Mode  
number  

10% 
Damage  

frequency  
[Hz ] 

20% 
Damage  

frequency  
[Hz ] 

30% 
Damage  

frequency  
[Hz ] 

40% 
Damage  

frequency  
[Hz ] 

Type  50% 
Damage  

frequency  
[Hz ] 

Type  

1 61.06 60.62 60.22 59.86 VB 59.55 VB 
2 154.77 154.10 153.52 153.05 VB 152.72 VB 
3 296.49 296.28 296.04 295.77 VB 295.48 VB 
4 377.64 376.17 374.37 372.11 IPB  369.23 IPB  
5 482.69 480.67 479.00 477.76 VB 477.04 VB 
6 710.24 708.42 706.78 705.38 VB 703.80 T 
7 722.20 717.79 713.14 708.43 T 704.37 VB 
8 836.97 835.85 834.33 832.27 IPB  829.49 IPB  
9 1002.90 1000.60 998.26 995.92 VB 993.76 VB 
10 1184.20 1177.40 1170.70 1164.50 T 1158.80 T 
11 1316.20 1311.80 1308.30 1305.90 VB 1304.60 VB 
 
A comparison of the natural frequencies of the modes included in the calculation of the 
various parameters is given in Table 3-10 and Table 3-11. It is clear from Table 3-10 and 
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Table 3-11 that there is a definite change in natural frequency value as the damage level 
is increased. The damage ought to be observed from the change in the SFDL value. Plots 
of the yCDF and SCDF are made for 50% damage and are shown in Figure 3- 16 and 
Figure 3- 17, respectively. 
 
Table 3- 10: Comparisons of the natural frequencies for different levels of damage of case 2 

Mode  
number  

Undamaged  10% 
Damage  

%Change  20% 
Damage  

%Change  30% 
Damage  

%Change  

1 61.49 61.06 0.712 60.62 1.410 60.22 2.070 
2 155.50 154.77 0.469 154.10 0.900 153.52 1.270 
3 296.67 296.49 0.061 296.28 0.131 296.04 0.212 
5 484.97 482.69 0.470 480.67 0.887 479.00 1.230 
9 1005.10 1002.90 0.219 1000.60 0.448 998.26 0.681 
11 1321.40 1316.20 0.394 1311.80 0.727 1308.30 0.991 

 
Table 3- 11: Comparisons of the natural frequencies for different levels of damage of case 2 
(continued) 

Vertical  
mode  

number  

Undamaged  40% 
Damage  

%Change  50% 
Damage  

%Change  

1 61.49 59.86 2.660 59.55 3.150 
2 155.50 153.05 1.580 152.72 1.790 
3 296.67 295.77 0.303 295.48 0.401 
5 484.97 477.76 1.490 477.04 1.640 
9 1005.10 995.92 0.913 993.76 1.130 
11 1321.40 1305.90 1.170 1304.60 1.270 

 

 
Figure 3- 16: yCDF-plots for 50% damage of case 2 for an increasing number of modes 
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The variation of the SCDF as the damage level increases is shown in Figure 3- 18. It is 
evident from Figure 3- 18 that the SCDF value increases as the level of damage is 
increased. At the lower damage levels the damage location is not that evident. This can 
be attributed to the fact that the values next to the damaged location are in the stress 
concentration area (see Figure 3- 15) and the strain value shows a greater change than at 
the damage location itself. As the damage level is increased the difference in strains at 
the damage location increases and the damaged location becomes more apparent. 
 

 
Figure 3- 18: Variation of the SCDF values, when 6 modes are included in the calculation, as the 

damage level is increased for case 2 

 
The variation of the CDF equivalent as the level of damage is increased was determined 
and this waterfall plot is shown in Figure 3- 19. When Figure 3- 17 and Figure 3- 18 was 
examined it was observed that the peak values are at the eighth and ninth measurement 
position from the right. When Figure 3- 19 is examined a high level of noise is observed 
and there are cases where the peak values and thus the damage actually appear to be at 
the ninth and tenth measurement location. This is erroneous and the SCDF values prove 
to be more reliable than the CDF equivalent values. 
 
The location of the damage can be obtained from Figure 3- 16, Figure 3- 17 and Figure 
3-18. The SFDL value is computed from the SCDF and the change in this parameter as 
the number of modes and the damage level is increased, is shown in Figure 3- 20. 
 
The SFDL values of Figure 3- 20 appear to increase as the level of damage is increased 
over all the number of modes included. When more modes are included in the 
calculation, the SFDL value again appears to become constant. The SFDL value for case 
2 appears to scale exponentially with an increase in the damage level. This was 
investigated by again fitting the linear, power series and exponential curves to the SFDL 
values when 6 modes are included in the calculation and is shown in Figure 3- 21. 
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The same curve fits are determined when the SCDF and the SFDL values are calculated 
from the undamaged acceleration normalised strain values (see Appendix B). A 
comparison of the best curve fits for both the damaged and undamaged normalised 
SFDL values are made in Figure 3- 23. 
 

 
Figure 3- 23: Comparison of the scaling of the SFDL value with the SCDF normalised with the 

damaged and undamaged averaged strains for case 2 

 
Upon examining Figure 3- 23, it is clear that the damaged normalised SFDL values 
increase more rapidly than the undamaged normalised values. The exponent for the 
power law fit of the undamaged normalised SFDL values differs with 15.5% from the 
exponent of the damaged normalised SFDL estimate. The fact that the damaged 
normalised SFDL values scales faster can be attributed to the strain values at the 
measurement locations being less than the original undamaged value. If the SCDF is 
normalised with the damaged value it is in effect divided by a smaller number and 
therefore a larger SCDF value is obtained. For this reason the damaged normalised 
values are preferred. The scaling of the SFDL when computed from the yCDF instead of 
the SCDF values is investigated in Appendix C. 
 
3.1.3.2 The effects of damage modelling on the SCDF and 

SFDL values 
 
There are two possible cases which influence the SCDF and SFDL calculations and 
values. In the first case the damaged area is close to a measurement location and in the 
second case the damaged area encloses one or more measurement locations (paragraphs 
3.1.2 and 3.1.3, respectively). The modelling of the structural damage was discussed in 
paragraph 2.5. It was argued that the actual damage scenario might be entirely different 
from the modelled damage. 
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The damage modelling and true damage scenario ha ve no impact on the first case, 
because the strains are measured close to the damaged area. The actual strain values at 
the damaged location have no influence on the measured strains. This effect is discussed 
in more detail in paragraph 4.3.1. The situation might arise that the actual damage is 
completely different from the modelled damage. This difference was discussed in 
paragraph 2.5 and the effects of this difference in the modelled and actual damage 
situation are investigated numerically in this paragraph. 
 
This numerical study is performed by generating two FE meshes for the damage size 
and location of deterministic case 2. In the first case the FE model as discussed in 
chapter 2 was used to model the damage, however the FE model that was not updated 
was used. For the second case an FE model consisting of 8-node hexahedral elements 
was constructed. This model was constructed to have 10 elements through the thickness 
of the wing-like structure. This number of elements through the thickness was used to be 
able to simulated damage levels from 10% to 50% by removing one element through the 
thickness at the damaged location and increasing the damage level by 10%. The 
excitation node that was used on the shell mesh was not present in the hexahedral mesh, 
because the hexahedral mesh only had 8 nodes per element. The closest node to the 
excitation node on the shell mesh was used in the hexahedral mesh. The SCDF and the 
SFDL values were calculated for each type of mesh for an increasing damage level. The 
two damage parameters for the two FE meshes are compared in Figure 3- 24 and Figure 
3-25, respectively. 
 

 
Figure 3- 24: Comparison of the level of damage on the SCDF value for the shell and hexahedral 

mesh of the damaged area 

 
It is evident from Figure 3- 24 that the shell and hexahedral meshes differ quite 
significantly at the damage location. The SCDF values at the rest of the measurement 
locations correlate well. The difference at the measurement location is attributed to the 
way in which the damage is modelled. In the shell mesh the neutral axis does not 
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change, while in the hexahedral mesh the neutral axis is shifted and the strain value at 
the measurement location is less than in the shell mesh. Due to the lower strain values 
at the measurement location, the peaks of the SCDF plots are higher for the hexahedral 
mesh than for the shell mesh. When the SFDL values are calculated from these two 
SCDF plots, it is expected that the hexahedral mesh should show an increase value 
compared to the shell mesh, due to the increased SCDF value at the measurement 
location and this effect is shown in Figure 3- 25. 
 

 
Figure 3- 25: Comparison of the change in SFDL value as a function of number of mode included 

in the calculation and level of damage for the shell and hexahedral meshes 

 
The difference in the SCDF values appears to be a constant factor of around three at the 
measurement location. A constant factor was determined for the SFDL plot by dividing 
the SFDL value for the shell mesh at 50% damage and 6 modes by the SFDL value for 
the hexahedral mesh at the same location. This factor was equal to 2.39 and if all the 
SFDL values for the shell mesh are multiplied by this factor a SFDL plot that matches 
better is obtained ( Figure 3- 26). 
 
It is assumed that the worst case is simulated with the shell mesh because of the lower 
SCDF and SFDL values. If the method holds and works well for this type of modelling, it 
should hold for another type of damage scenario. This investigation leads to the 
conclusion that the method might be more robust if the damaged areas can be avoided 
when measurement locations are chosen. If these areas are not avoided the damage 
scenario cannot accurately be predicted and any other predictions might not be valid. If 
the proposed method is applied to measurement locations close to the damage, the SCDF 
and SFDL value remain independent of the damage scenario. From these measurements 
more accurate predictions on the damage level can be made. 
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Figure 3- 26: Comparison of the change in SFDL value as a function of number of mode included 

in the calculation and level of damage for the scaled shell and hexahedral meshes 

 

3.1.4 Summary of deterministic damage case 1 
and 2 

 
The effect of the changes in damage levels on various damage indicator values wer e 
investigated in paragraphs 3.1.2.1 and 3.1.3.1. When the two cases are compared there is 
one major difference. In case 1 the damage is located close the measurement locations 
without enclosing any. This leads to a case where the measured strains increase as the 
damage increases since the load carrying capability of the damaged area reduces and the 
strains become redistributed through the undamaged part of the structure. The strains 
in the undamaged part of the structure, where the measurements are made, increases 
and are therefore able to identify the damage location. In case 2 two measurement 
locations are enclosed by the damaged area. This leads to a reduction in strains due to a 
reduction in load carrying capability of the structure in that area. 
 
In comparison with the average change in natural frequency the SFDL values scaled as 
a power series in case 1 and scaled exponentially in case 2. A comparison of the curve fits 
to the SFDL values that were obtained in paragraph 3.1.2.1 and 3.1.3.1 are made in 
Figure 3- 27 to compare the rates at which the SFDL values increase with respect to the 
damage level and the average difference in natural frequency. 
 
The rate of increase of the SFDL value with respect to the damage level is shown in the 
top plot of Figure 3- 27. From this plot it is clear that the SFDL values for case 1 are the 
largest up to about 42% damage. After this the SFDL increases faster with damage case 
2. Thus for lower levels of damage the SFDL for case 1 is able to indicate the presence of 
damage much earlier than the SFDL for case 2. If an alarm was set for a SFDL value 
equal to 0.05, it would indicate damage at more or less 20% damage for case 1, but it 

 
 
 



 
Chapter 3:  Numerical study 

83 
 

would only indicate damage at a level of 30% for case 2. It is evident from the bottom plot 
of Figure 3- 27 that the SFDL value for case 1 appears to scale steadily with respect to 
the average difference in natural frequency. For case 2 the SFDL value increases 
dramatically. 
 

 
Figure 3- 27: Comparison the the SFDL value scaling for cases 1 and 2 with respect to the 

damage level and the average difference in natural frequency 

 
The proposed SFDL damage indicator appears to increase rapidly compared to both 
damage level and average difference in natural frequency. This observation is consistent 
with case 1. It scales as a power series in comparison to both damage level and average 
difference in natural frequency and is therefore more sensitive to damage than the 
natural frequency method. If the damage situation changes, as for case 2, the scaling 
changes and the SFDL is less sensitive to a change in damage, in comparison with case 
1, at low levels of damage. The SFDL appears to be more sensitive to damage up to 42% 
when the measurement location is close to the damage location. For this reason the 
proposed damage indicator and damage detection method appear to work best when the 
measurement location is close to, but not enclosed by, the damaged area. It has also 
proven to be more sensitive to damage than the natural frequency method. 
 

3.2 Deterministic variation of damage location 
within other wing-like family members 

 
In paragraph 2.1.2 a geometry defining a family of wings was developed. The proposed 
method is intended to be applicable to this family of wings. One such family member was 
examined in detail in paragraph 3.1. In order to verify that the method is truly applicable 
to other family members, it was applied to two other family members. These two are the 
Neptune and Global Hawk wings, shown in Figure 2-4  with geometrical parameters 
given in Table 2-4. 
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The geometry, damage cases and results for these two family members are discussed 
and shown in Appendix D. The results of this analysis indicate that the method can still 
reliably predict the damage location from the SCDF values. The SFDL values showed 
the same type of scaling that was observed in the numerical study performed on the MQ-
1 Predator wing. From these analyses the conclusion can be drawn that the proposed 
method is applicable to other family members. 
 

3.3 Stochastic variation of damage location 
within the MQ -1 Predator wing 

 
The deterministic numerical study performed in paragraph 3.1, showed that the 
proposed method appears to be promising. The presence of damage and its location can 
be identified from the SFDL values and the SCDF plots respectively. In this paragraph 
the method is investigated further to determine whether the damage can be identified 
and located if the damaged area and size are varied stochastically. The influence of the 
location and the size of the damaged area on the SFDL value are studied. 
 
The same procedure, which was used in paragraph 3.1 to calculate and compare the 
strains at the measurement locations, is used for this investigation. The only difference 
between the two investigations is the fact that in paragraph 3.1, discrete damage sizes 
and locations were used to prove the computation and advantage of the SFDL 
calculation. For the present investigation the size and location of the damaged area 
varied statistically according to the most likely and critical position that damage can 
occur as described in paragraph 2.5.2. 
 

3.3.1 Investigation into the number and 
placement of sensors 

 
The proposed method requires that the strain and acceleration responses be measured 
via some response measurement transducers such as strain gauges or fibre optic Bragg 
gratings and accelerometers. There is however only need for one acceleration transducer 
since the strain response has to be normalised with one reference acceleration response. 
The minimum number of strain transducers required depends more on the placement of 
the transducers and whether these locations will allow the detection of damage. 
 
This minimum number of sensors required to detect damage in the structure was 
studied by varying the number of sensors along the wing and by varying the damage 
location stochastically. The number of sensors was varied by dividing the wing surface 
into segments of equal length, depending on the number of sensors used, i.e. if one sensor 
is used it is placed in the centre of the wing segment of the wing-like structure. The 
number of sensors is varied along the measurement line that is shown in Figure 3-2 . 
 
It was assumed in paragraph 2.5.2 that a damage level of 50% is equivalent to a 
catastrophic failure. The damage level is therefore restricted to only 50% and the strain 
sensors are allowed to vary from 1 to 15 on each side of the wing. The number of 
simulations per number of sensors was limited to 200. The simulations, for the two 
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damage cases, where the measurement location is close to and inside the damaged area, 
were performed and initially no distinction between the two cases were made. This 
yielded the variation of the SFDL value with the number of sensors and the damage 
level as shown in Figure 3- 28. A generally increasing trend in the SFDL values for an 
increasing level of damage is observed from Figure 3- 28. This trend shows that the 
SFDL value increases as the level of damage is increased and that this increase is not 
dependent on the number of sensors used. The proposed method and the SFDL value 
therefore appears to be robust in the sense that for any number of sensors the damage 
can be detected, although the damage size might be under or over estimated. This is 
however purely theoretical and no measurement noise is taken into account. 
 
A high level of mathematical noise is also observed in the form of peaks in Figure 3- 28. 
No reliable predictions can therefore be made on the level of damage by simply looking at 
the SFDL value. The mathematical noise is present due to the modelling and the size 
and shape of the modelled damage and some of the noise can be attributed to noise 
present in the average difference in natural frequency ( Figure 3- 29) with respect to the 
damage level. Figure 3- 29 shows that there is a constant increase in average difference 
in natural frequency as the damage level is increased. 
 

 
Figure 3- 28: The influence of the number of sensors used on the SFDL values for both damage 

cases 

 
There is a chance that the measurement location falls on the element boundary between 
damaged and undamaged material or even in an area of high stress concentration withi n 
the FE model. This leads to strain values that are not ideal in the sense that they can 
vary even though the damage level might be the same. Thus the shape and size of the 
damage might remain constant, but the measured strains might be closer to or further 
away from the damaged area. The SCDF values will therefore indicate larger or smaller 
peaks at the damaged location and introduce numerical noise in the calculation of the 
SFDL value. The SFDL is sensitive to the value of the average difference in natural 
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frequency and this might also introduce some errors to the value of the SFDL. It is 
difficult to establish the minimum number of sensors based on the variation shown in 
Figure 3- 28. 
 

 
Figure 3- 29: Variation of the average difference in natural frequency with respect to the 

damage level 

 
The two types of damage cases are examined separately to get a better understanding of 
their  effect. The same cases that were simulated for Figure 3- 28 are examined; they are 
just separated into two damage cases. The case where the damage encloses one or more 
measurement locations is studied first. The variation of the SFDL value with respect to 
the level of damage and the number of sensors is shown in Figure 3- 30. The 
mathematical noise present in Figure 3- 30 can be attributed to the fact that a damage 
level being equal in size might enclose one measurement location in one case and in the 
next it might include two measurement locations. The SCDF will indicate one peak in 
the first case and two peaks in the second. The rms for the second case is much larger 
and thus the SFDL value will also increase. This damage case is susceptible to various 
phenomena that can cause it to produce numerical irregularities. The SFDL value for 
this damage case is very reliant on the strain value at the damaged location. 
 
The SFDL value for 6 sensors on each wing were extracted and compared to the average 
difference in natural frequency and the level of damage in Figure 3- 31 and Figure 3- 32, 
respectively. In Figure 3- 31 two curve fits were made to establish any correlation 
between the two values. Neither curve fit presented a very good fit, but it is observed 
that the SFDL value increases with an increase in average difference in natural 
frequency. The SFDL value appears to scale faster than the average difference in natural 
frequency, which implies that the SFDL is more sensitive than the natural frequency 
method (the same as the conclusion reached in paragraph 3.1.3.1). Different curve fits 
were made to the data when the SFDL is compared to the damage level. The power law 
curve fit provided the best fit and only this fit is shown ( Figure 3- 32). It is difficult to 
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make predictions on the damage level from SFDL value because of the noise present in 
the data. The case where the damage encloses one or more measurement location is 
therefore undesirable, due to the noise inherent in the SFDL values. 
 

 
Figure 3- 30: The influence of the number of sensors used on the SFDL values for the case where 

the damaged area encloses measurement location(s) 

 

 
Figure 3- 31: Curve fits showing the relation between the SFDL value and the average difference 

in natural frequency for the case where the damaged area encloses measurement location(s) 
and 6 sensors have been used 
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Figure 3- 32: Curve fit for the SFDL value compared to the level of damage for the case where 

the damaged area encloses measurement location(s) and 6 sensors have been used 

 
The variation in the SFDL value for the case where the damaged area is close to the 
measurement location is shown in Figure 3- 33. Figure 3- 33 shows a much clearer 
distinction of the SFDL value for different numbers of sensors. When the number of 
sensors being used becomes too small the chance that the damaged area is located near 
the measurement location becomes slim. As the number is increased the increase in 
SFDL value is smoother as the measurement locations have a greater chance of being 
located close to the damaged area. The boundary where this transition occurs is not 
exact. The minimum number of sensors which would still be able to detect the presence 
of damage has to be determined a little more subjectively. To aid in this choice the 
number of channels available for measurement and the number of sensors that provides 
a good indication on the spatial location of the damage area ha ve to be considered. 
 
The SCDF plots for an increasing number of sensors used to detect the damage are 
shown in Figure 3- 34 and Figure 3- 35. By evaluating these two figures together with the 
variation shown in Figure 3- 33 the minimum number of sensors that is able to reliably 
detect the presence of damage as well as provide good spatial resolution can be obtained. 
It is clear that for a small number of sensors, 5 or less, the spatial resolution and 
detection capability, are not great. There are more undesirable peaks on the SFDL 
variation with 5 or less sensors. With 6 or more sensors these undesirable peaks become 
less prominent and the spatial resolution is increased. An infinite number of sensors 
theoretically provide the best spatial resolution and perhaps even the best SFDL 
variation with respect to the damage level. This is not realisable however, as there are 
limits to the number of channels that can be used for measurements. This leads to a 
range of minimum sensors that provide damage detection as well as a good spatial 
resolution. This range is more or less constrained to more than or equal to 6 sensors and 
less than or equal to 10 sensors to record the strain response with 1 acceleration sensor 
to record the acceleration response. 
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Figure 3- 34: SCDF plots for an increasing number of sensors (1-8) 

 

 
Figure 3- 35: SCDF plots for an increasing number of sensors (9-15) 
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Figure 3- 36: Curve fits showing the relation between the SFDL value and the average difference 
in natural frequency for the case where the damaged area is close to the measurement location 

and 6 sensors have been used 

 

 
Figure 3- 37: Curve fit for the SFDL value compared to the level of damage for the case where 

the damaged area is close to the measurement location and 6 sensors have been used 

 

3.4 Summary of chapter 3 
 
This chapter was concerned with the numerical study of the damage detection method as 
it applies to a family of wings. One family member, namely the MQ-1 Predator wing, was 
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Chapter 4:  Experimental study 
 
 
This chapter is devoted to describing the experimental program followed in order to 
update and validate the FE model as well as investigate the proposed method 
experimentally. 
 
The objectives of the chapter are to: 
 

1. Update the FE model of the MQ-1 Predator wing for use in the numerical study. 
2. Use the updated FE model and correlate the numerical simulations with 

experimental results. 
3. Validate the proposed damage detection method and damage indicators with 

experimentally measured output-only response data. 
 
With reference to Figure 4-1 , these objectives will be achieved by: 
 

1. Performing mobility and strain response measurements with a laser Doppler 
vibrometer and strain gauges, respectively (paragraphs 4.2.1 and 4.2.3, 
respectively). Use the measurement results to update the FE model (paragraphs 
4.2.2 and 4.2.3.1). 

2. Comparing numerical simulations with measured data. This is performed in the 
model updating stages of paragraphs 4.2.2 and 4.2.3.1 as well as for the strain 
FRFs and the transmissibility functions in paragraph 4.2.3.2. 

3. Using the measurement results described in paragraph 4.2 to calculate the two 
proposed damage indicators for two experimental cases (paragraph 4.3). In one 
case the damaged area is located close to the measurement locations (paragraph 
4.3.1) and in the second case the damaged area encloses two measurement 
locations (paragraph 4.3.2). The two experimental damage cases are discrete and 
are described in paragraph 4.1.4. 

 
The experimental setup that will be used for the mobility as well as the strain 
measurements is described in detail in paragraph 4.1. The suspension system that is 
used to realise the boundary conditions during the experimental investigation, is 
described in paragraph 4.1.1. The excitation attachment is described in paragraph 4.1.2 
and the test signals as they apply to the mobility and strain measurements are described 
in paragraphs 4.1.2.1 and 4.1.2.2, respectively. The configuration, i.e. the measurement 
locations and measurement systems for the mobility and strain measurements are 
described in paragraphs 4.1.3.1 and 4.1.3.2, respectively. 
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Figure 4-1: Layout of chapter 4 

 

4.1 Experimental setup 
 
The test structure was manufactured to have the same properties and dimensions as the 
structure used during the numerical study. The structure with geometry as defined in 
Table 3-1 was laser cut from a 10 mm thick  mild steel plate with material properties 
approximately given by those of regular steel as in Table 2-7. 
 
Two types of tests were performed on the test structure. Firstly, mobility measurements 
with known input excitation were carried out. These measurements were intended for a 
modal analysis and the results were subsequently used for model updating. The mobility 
measurements were performed by using a scanning laser Doppler vibrometer to 
measure the velocity response of the structure. Secondly, a dynamic strain test was 
performed. During this test dynamic strains and accelerations as well as the input force 
were measured. These measurements were used for the damage detection calculations 
and predictions. The basic layout of the two measurement configurations were 
essentially the same. The two cases differ in the transducers used to measure the 
response. The subcomponents of each measurement configurations are described in more 
detail in the subparagraphs of paragraph 4.1. 
 

4.1.1 Suspension of the test structure 
 
The structure was supported horizontally with free-free boundary conditions, because 
compared to clamped-free or clamped-clamped, it is much easier to realise 
experimentally and to model numerically. 
 
If a structure is tested with free-free boundary conditions, it exhibits rigid body modes at 
0 Hz. Theoretically there are six rigid body modes for all six possible rigid translations 
and rotations. When testing with free-free boundary conditions it is not always possible 
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to realise this boundary condition practically. In practice the structure is suspended by 
very flexible or soft springs, such as elastic bands. This causes the structure to have rigid 
body modes not necessarily at 0 Hz, but at low frequencies in relation to the bending 
modes of the structure. In this case low refers to frequencies equal to 10-20% of the first 
natural frequency. 
 
The first natural mode will be influenced most by the suspension system. A precaution 
that can be taken to limit this influence is to attach the suspension system as close as 
possible to the nodal locations of the first mode. It should also be ensured that the 
suspension system does not add signification damping to a lightly-damped structure 
(Ewins, 1995). 
 
To establish the best location for the suspension system, the first bending mode of the 
structure was examined numerically. The FE model used in chapters 2 and 3 was used 
for this purpose. The first natural mode of the structure is a vertical bending mode. The 
approximate nodal lines of the first bending mode are indicated by the red dashed lines 
in Figure 4-2 . The positions of these lines were used to determine the support locations. 
 

 
Figure 4-2: The first bending mode of the wing structure showing the nodal lines of the first 

natural mode 

 
The structure was suspended in the vertical plane and thus it was necessary to drill 
holes for the suspension system to pass through. The holes were drilled with a 1 mm drill 
bit to ensure minimal mass loss. The locations of the suspension holes as well as the 
node, in the FE model to which they correspond, are given in Table 4-1 (with respect to 
the coordinate system defined in Figure 2- 10). The ideal location of the suspension 
system was determined from the FE model, however, when the holes were drilled the 
actual holes were not drilled at the ideal location, but at a position close to the ideal 
location. The suspension location is still located relatively close to the nodal line and the 
influence it has on the first bending mode should be negligible. 
 
Table 4-1: The location of the suspension holes 

 Ideal  Actual  
Hole  x-location  

[mm ] 
y-location  

[mm ] 
Node in  

FE model  
x-location  

[mm ] 
y-location  

[mm ] 
Node in  

FE model  
1 228.5 14.78 2181 159.1 11.2 2731 
2 -228.5 14.78 5947 -159.1 11.2 5397 
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The suspended structure that was used for the experimental measurements is shown in 
Figure 4-3 . 
 

 
Figure 4-3: The actual suspension location as used for the structure in the experimental study 

 

4.1.2 Excitation of the test structure 
 
When the excitation is considered, care should be taken regarding the attachment of the 
shaker. The shaker should ideally only excite the structure in the intended direction. The 
force transducer measures the force that the shaker imparts on the structure. However, 
it only measures force unidirectionally and thus care should be taken to ensure that only 
a unidirectional force is imparted on the structure. A stinger is a thin rod that is stiff 
axially and flexible in bending. It can be used to transmit the force only in the axial 
direction and thereby constrain the force input to be unidirectional. Any part of the 
attachment which is on the structure side of the force transducer should be considered to 
be a part of the structure. The effect such an attachment has is an increase in mass and 
may even stiffen the structure at the connection point (Friswell et al. (1995) and Ewins 
(1995)). 
 
Excitation by means of a hammer can be less complicated than excitation by means of a 
shaker, since no attachment is required. The drawback of this method is the fact that it 
is sometimes difficult to impart sufficient energy into the structure with a hammer. 
Shakers are more suitable to impart higher levels of energy into the structure (Friswell 
et al., 1995). Since free-free boundary conditions are used it is difficult to get repeatable 
hammer impacts that will excite the structure sufficiently. It was therefore decided to 
rather use a shaker. 
 
The test structure was suspended in the vertical plane. The shaker that was used to 
excite the structure dynamically had to be placed in such a manner to excite the 
structure in the horizontal direction. It was decided to use an electro dynamic shaker (for 
this setup a Modal 50 was used). This shaker has a large modal mass against which it 
can react. The shaker can therefore be suspended from chains or ropes to align the 
shaker with the test piece. This can lead to misalignment errors, where the shaker and 
thus the force that is imparted on the structure, is not perpendicular to the test 
structure. One possible way of reducing this misalignment, is to put the shaker on 
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rollers. O n roller s the shaker can still move horizontally and ideally it will only react 
against the modal mass, the same as in the suspension case. The effects of the two 
different shaker positions are evaluated and discussed in more detail in paragraph 4.2.1. 
 
The shaker is attached to the structure via a stinger and a load cell ( Figure 4-4 ) at the 
same location as in the numerical study. This corresponds to node 4287 of the FE model 
and the location indicated in Table 2-12 which is given in Table 4-2 for convenience. The 
position is specified with respect to the coordinate system shown in Figure 2- 10. The 
piezoelectric load cell has a sensitivity of 2.359 mV/N . The signal from the load cell was 
subsequently used to calculate the mobility FRFs. 
 
Table 4-2: Coordinates of excitation position 

Coordinate  Value  [m] 
x -0.02652 
y -0.06522 

 

 
Figure 4-4: The shaker together with the stinger and load cell showing the force transmission 

path and connection to the structure 

 
4.1.2.1 Excitation for mobility measurements 
 
The mobility measurements were used for modal analysis and model updating purposes. 
These measurements were made under controlled conditions and d id not simulate any 
real life or in-flight conditions. A periodic chirp function was used to excite the structure. 
This periodic chirp function is generated by the control computer of the Polytec PSV300 
scanning laser Doppler vibrometer and is amplified before the signal goes to the shaker 
(Figure 4-5 ). 
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conditioning, in the form of anti-aliasing filtering, is performed by the eDAQ. The strain 
gauge measurement system is shunt calibrated by the internal shunt resistors of the 
eDAQ lite and no subsequent calibration was required. 
 
The force-time history of the exciter was recorded for FRF calculation purposes. The load 
cell configuration remained the same as in the mobility measurements described in 
paragraph 4.1.2. The acceleration response was recorded at only one reference location 
by the accelerometer. The signal conditioner was used to amplify the signal from the 
accelerometer as well as the load cell before it was recorded by the eDAQ. The strain 
gauges were connected to the eDAQ via pigtails with 15 pin connection terminal s 
attached to them. The eDAQ has bridge boards designed specifically for strain gauge 
measurements that has an internal Wheatstone bridge circuit. The signal was recorded 
from the internal bridge and therefore do es not pass through a signal conditioner. The 
complete strain measurement system is shown in Figure 4-9 . 
 

 
Figure 4-9: The strain measurement system 

 

4.1.4 Damage cases for the experimental study 
 
During the experimental study two cases and thus two test structures were examined. A 
change in the behaviour (the scaling of the SFDL values) was noticed when the one or 
more of the measurement locations are enclosed by the damaged area. This gave 
justification to examine two different cases experimentally. For the first test structure 
the damage was introduced at a location close to the measurement locations ( Figure 4- 10 
a). It simulates damage with 30% damage, thus having a thickness of 7 mm. The second 
test structure was used to investigate the case where the damage encloses one or more of 
the measurement locations ( Figure 4- 10 b). This structure simulates damage with 50% 
damage or thickness of 5 mm. Similar cases were studied numerical ly (paragraph 3.1.2 
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