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Abstract
Population-based Structural Health Monitoring (SHM) presents opportunities to monitor populations of
structures without prior knowledge of all damage states on individual structures. A critical stage in this
process is identifying common features within a population of nominally similar structures. To address this
challenge, an experimental study of a small population of similar test structures was carried out, with the aim
of identifying how common features across the population differ between structures. The structures used
were half sections of aircraft tailplanes, and each one was tested initially in an undamaged state, and then in
pseudo-damaged states, where damage was replicated by the addition of small masses. Finally, one of the
structure was subjected to real damage of varying severity in order to serve as a benchmark for the whole
population.

1 Introduction

Conventional data-based Structural Health Monitoring (SHM) involves the gathering of data related to a
structure in normal and damaged states, and by using feature extraction and classification, a map between
measured features and the two states can be generated. This will be more important when type, location and
severity are to be accurately identified. Consequently, this technique requires the operator to have knowledge
of the structure being monitored in both normal and abnormal, or undamaged and damaged, states. In some
cases this constraint is not limiting, since structures which are numerous and inexpensive can relatively easily
be tested in an undamaged state, then again under the effect of some artificial damage, to give the necessary
information. However, in the case of more expensive structures, deliberately damaging a structure to gain
knowledge of the damaged state is not acceptable. In the case of a population of structures, for example a
farm of wind turbines, further difficulties are introduced if the monitoring of individual structures is required.
Individual structures in such a situation might be expected to show similar undamaged conditions, but it
could be imagined that two wind turbines within an array could show significant variation in damaged states.
For both these reasons, a method of SHM which does not require data from a damaged structure would be
beneficial.

Population-based Structural Health Monitoring is an idea based on the concept of ‘syndromic surveillance’
originating in the field of healthcare informatics. Its application to SHM was first presented in 2008 [1] and
subsequently discussed in [2] and [3]. Applied to SHM, the principals of this approach offer the opportunity
to monitor populations of structures without requiring prior knowledge of the damaged states of all structures.
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Figure 1: Data-based and Population-based Structural Health Monitoring

In the population-based SHM concept, data are gathered for a number of normal cases of similar structures
within a population, allowing a single feature extraction and classification process to determine common
indicators of damage, and to produce a single map. When presented with a previously unseen case which is
similar to the cases making up the population, the strength of the normal population data allows the new case
to be classified as normal (if it shares common features with the population), or abnormal if it does not.

The difference between data-based SHM and the population-based SHM concept is illustrated in Figure 1

The identification of similarities and common features between structures is one of the challenges in the
development of this method. The purpose of this paper is to explore the variability of common damage
sensitive features, such as natural frequencies and mode shapes, in a small population of similar structures
under different types of ‘damage’ including a case of real damage to be used for comparison. Described here
is the recording of data for such a population of structures, and the use of an affordable method of generating
damaged data. This method, known as ‘pseudo-damage’, may allow damaged state data to be generated
without the need to damage a structure, through the addition of small localised masses to simulate the effect
of stiffness reduction as caused by damage. In order to test the variability of the structures and the suitability
of the added masses, structures were tested in undamaged, pseudo-damaged, and damaged states.

The layout of this paper is as follows: the following section describes the test structures and all the exper-
imental procedure in detail, including all types of damage applied. The third section describes the results
of the modal analysis and the comparison of the cases examined. Finally, the paper is rounded off by a
discussion followed by a short conclusions section.

2 Test Structures and Experiments

The structures studied in this work are sections of aircraft tailplane. These structures have a number of fea-
tures which make them a suitable subject for this study: In comparison to many structures, aircraft structures
are subject to stringent regulation and low manufacturing tolerances, meaning that the variation between
structures should be minimal. Secondly, given the ultimate application of this work to wind turbine blades,
the use of structures of a similar size and shape allowed the method to be developed at a suitable scale. More
importantly, the tailplanes are real structures (not laboratory made-to-test specimens), and their testing can
be considered an important step towards an actual implementation of SHM into real aircraft.

Tailplanes from Piper PA-28 ‘Cherokee’ and PA-28 ‘Arrow’ aircraft were used, both with NACA0012 profile
and a chord of 0.76m. After removal from the aircraft, the rounded tips and elevators (elevators are the control
surfaces to the rear of the tailplane) were removed, and each was cut in half to give two single tailplanes.
The single Cherokee and Arrow tailplanes are designated C and A from hereon. Both tailplanes measure
0.61m from the leading edge tip to the trailing edge of the main tailplane. In the type C tailplane case, each
structure was 1.81m in length with a fixed elevator section of 0.45m. Type A structures were 1.37m in length
with a narrow edge section of 0.01m. Two type C and two type A tailplanes were used during this work.
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Figure 2: Examples of type C (l) and type A (r) tailplane structures

Figure 3: Location of the pseudo-damage added mass

Type C structures had masses of 6.735kg and 6.696kg (0.58% variation), and type A structures had masses
of 4.848kg and 4.762kg (1.76% variation). Examples are shown in Figure 2.

2.1 Pseudo-damage

During this study, damage was simulated in two ways: By removing sections from the structure, and by
adding mass to the structure, which can be thought of as pseudo-damage. Damage to a structure, in the form
of a crack for example, will generally result in a local reduction in stiffness. For a very simple single degree
of freedom system, stiffness k is related to mass m and natural frequency ω by:

ω =
√
k/m

From this equation, it can be blithely extrapolated that the stiffness reduction caused by damage could be
replicated by increasing mass, thus giving the same ω result. This method has been investigated previously in
[4], and more thoroughly in [5] and [6]. It was also applied during the previous study on the same structures
[2]. In order to allow comparison with these results, the same added mass location and mass were used in the
new study. A mass of 104g was added to a point on the upper surface, above the main spanwise structural
member, 808mm from the outer edge of the structure. The mass was made up of laboratory weights secured
to a bolt, the head of which was glued to the structure. The nut, bolt and locking washer used were included
in the total mass. The location of the mass on the structure and the mass itself are illustrated in Figure 3.
A second added mass of half the mass of the original was also used. The first (108g) mass is subsequently
referred to as added mass 2, with the second (54g) mass referred to as added mass 1.
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Figure 4: Rear view of mounted tailplane structure and shaker connection points A and B

2.2 Experiments

2.2.1 Experimental Rig

An aluminium frame mounted on a rigid table was used to hold the tailplane structures during tests. Tailplane
structures were mounted vertically with the leading edge below the trailing edge. Structures were freely
suspended using soft springs to approximate free-free boundary conditions. The mounting point closest to
the original (i.e. before cutting the tailplane in two) centre of the tailplane was located on one of the elevator
hinges, 112mm from the original centre and 156mm forward of the extreme of the trailing edge, as shown
in Figure 4. The other spring was mounted on the end of the tailplane structure, at 200mm forward of the
extreme trailing edge.

2.2.2 Excitation

Tailplane structures were excited using a Gearing & Watson electromagnetic shaker. The shaker was firmly
fixed to the solid base of the table used to support the tailplane hanging frame, and the shaker body was
thus assumed to be rigidly fixed. An electrodynamic shaker was used to excite the structure via a flexible
drive rod. During testing, the structures were excited on the rear surface and deflection measured on the
front surface. Both the top and bottom surfaces of each tailplane were used as the excitation surface and the
measurement surface. In all cases, the excitation point was at the same location relative to the tailplane tip.
This point was located 242mm in the x direction from the leading edge, and in the y direction 840mm from
the tailplane tip. This point was named point A. A second point (point B) was also used during initial testing,
as will be described later. Point B was located at the same distance from the leading edge as point A, but at
1290mm from the tailplane tip. The shaker installation position is shown in Figure 4.

The excitation signal used to drive the shaker was generated by the Scanning Laser Doppler Vibrometer
(SLDV) control system. White noise excitation was used over a frequency range of 0-1kHz.

2.2.3 Frequency Response Measurement

The response of the structures was recorded using a Scanning Laser Doppler Vibrometer (SLDV). Laser
vibrometry has a number of advantages over more conventional measurement using accelerometers, chief
among which are the ability to measure the response of the entire surface of the structure during a single test,
and the avoidance of any modification of the response due to the added mass of the measurement devices -
it is essentially a non-contact measurement. The SLDV equipment used in this case was a tripod-mounted
Polytec PSV-400 scanning head, controlled by a Polytec OFV-5000 controller, JSV-500 junction box, and
DMS computer. The equipment has an optimal stand-off distance and was therefore located 2.343m from
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the structure. In order to ensure the selection of the optimal measurement range, three ranges were tested,
namely 1mm/s/V, 2mm/s/V and 5mm/s/V. Over multiple tests, a range of 2mm/s/V was found to yield the
lowest number of overrange point responses (typically a few percent of overrange points on a single run, and
zero overrange points for a five-run mean), so was subsequently used for final testing. 6400 spectral lines
were recorded at each measurement point over the 0-1000Hz frequency range. This resulted in a resolution
of 156.25mHz. Complex averaging over five samples was carried out using the SLDV software.

2.2.4 Measurement Points

Measurement points were set using a grid within the SLDV operating software. A range of point numbers
and layouts were tested, and it was decided to employ a square grid system since this resulted in greater point
density in the more geometrically complex areas of the structure (e.g. the area around the original tailplane
centre). Additional points were added around the edge of the structure to give the resulting post-processed
images the same shape as the structures. Following a sensitivity study, a point density of 25 was used in both
C and A tailplane structures, yielding 442 points for type C structures, and 294 points for type A structures.
These settings resulted in a total scan time of around 5 hours for the type C tailplane.

2.2.5 Repeatability Tests

Tests were repeated to highlight any aspects of the experimental setup which may affect the repeatability of
the results:

Hanging and boundary conditions

Using structure C1, a full test over excitation range 0-1000Hz was repeated twice. Between tests, the shaker
was detached from the structure, and the drive rod detached from the shaker. The structure was removed
from the hanging frame, then re-hung and the shaker reconnected. Good correlation was shown between the
two FRF results, suggesting that there was no bias caused by the hanging method or support structure.

Excitation Location

Structure C1 was tested with two different shaker installation positions, as illustrated in Figure 4. When
subjected to the same 0-1000Hz white noise signal applied at each of the two points, the resulting frequency
response functions were found not to differ significantly. Shaker location A was subsequently used for all
testing. The reason for this selection is that it is possible that when using location B, the distance between
the shaker mounting location and the centre of mass of the structure could restrict the structure should it wish
to rotate about the z axis. Since location A is closer to the centre of the structure, the likelihood of this effect
is reduced. However, no evidence of this effect was observed in either data set.

Drive Rod Length

Structure C1 was tested using two shaker drive rod lengths. In addition to the initial drive rod length of
183mm, a second drive rod length of 127mm was also used to ascertain whether the length of drive rod
had an effect on the resulting FRFs. Results from drive rod A and B tests suggests that the choice is fairly
arbitrary, but following the advice in the literature [7], in which it is noted that an overly long drive rod can
lead to the introduction of additional resonances to the structure, the shorter of the two, drive rod length B
(127mm) was subsequently used for all further testing.

Reference Measurement

In order to isolate the movement of the structure, a reference signal describing the excitation supplied to
the structure is required. In this case, excitation was generated by the SLDV built-in signal generator. This
signal was taken directly as the reference signal for SLDV tests.
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2.3 Modal Analysis

Each test resulted in ‘n’ FRFs, where ‘n’ is the number of points for each structure (442 points in the Type C
case and 294 points in the Type A case). For the undamaged and pseudo-damaged cases, six full tests were
carried out for each structure, made up of no added mass, added mass 1 and added mass 2 for both the front
and back of each test structure. The resulting FRFs were exported from the Polytec software as a universal
file and the LMS PolyMAX package was used to extract modal frequencies. Having confirmed the location
of stable modes using this package, the frequencies of the modes were extracted and MATLAB was used for
further analysis. The Modal Assurance Criterion (MAC)was calculated in MATLAB.

2.4 Damage

In order to understand the effectiveness of pseudo-damage as a method for representing real damage, it was
necessary to test a structure with real damage. To this end, one of the tailplanes was sacrificed to generate true
damage data. Damage was incrementally added to a type C structure, centred at the same location at which
pseudo-damage was installed (on the upper surface, above the main spanwise structural member, 808mm
from the outer edge of the structure). A total of 17 damage cases were studied, with each of increasing
severity. Damage was implemented by the removal of rivets between the lower section (leading edge), upper
section and main structural member of the tailplane, and subsequently by the removal of material from the
upper and lower sections. Details of each damage case and the subsequent change in structure mass are
described in Table 1 and cases D1 to D13 are illustrated in Figure 5

Damage case Description Removed Mass (g)
undamaged - 0 (Total mass 6.696 kg)

D1 1 rivet removed 0.1
D2 2 rivets removed 0.2
D3 linear cut (38mm) between rivet holes 0.3
D4 38mm x 4mm section removed from lower (leading edge) panel 0.6
D5 further 38mm x 12mm section removed from lower panel 1.5
D6 38mm x 12mm section removed from upper panel 2.1
D7 further 38mm x 24mm section removed from lower panel 3.3
D8 further 38mm x 24mm section removed from upper panel 4.0
D9 2 further rivets removed 4.2
D10 hole enlarged to 96mm x 96mm (upper and lower) 24.2
D11 hole enlarged to 144mm x 96mm (upper and lower) 36.0
D12 hole enlarged to 144mm x 144mm (upper and lower) 50.3
D13 hole enlarged to 192mm x 144mm (upper and lower) 66.9
D14 hole enlarged to 192mm x 192mm (upper and lower) 85.8
D15 2 further rivets removed 86.0
D16 hole enlarged to 216mm x 192mm (upper and lower) 96.7
D17 hole enlarged to 216mm x 216mm (upper and lower) 107.4

Table 1: Details of incremental damage to structure C2

3 Results

3.1 Undamaged case results

After experimental analysis as described in previous sections, structures were compared to study the variation
between types of structures, individuals of the same type, and between the top and bottom surfaces of the
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Figure 5: Photograph of damaged structure showing cases D1 to D13

structures.

Comparison of types

Due to differences in their size, mass and internal structure, significant variation in vibration response would
be expected between the two types of structures (type A and type C, as described previously). Average FRFs
for structures A2 and C2 are shown together in Figure 6(a), which confirm this.

Comparision of Top and Bottom

Structures were tested with excitation firstly applied to the original upward surface, then with excitation
applied to the original bottom surface. FRF results for structure C1 with excitation applied to the top and
bottom surfaces are given in 6(b).

Comparison of structures of the same type

Comparisons of similar structures are expected to show much less variation than intra-type comparisons. The
variation between these structures is the fundamental focus of this work, since it is this variation which ulti-
mately specifies the range of normal case variation in the population. FRF comparisons between structures
C1 and C2 and A1 and A2 respectively are shown in Figure 6(c) and (d).

3.2 Pseudo-damage case results

Each structure was tested without additional mass, and with two added mass pseudo-damage cases. These
were labelled M0, M1 and M2 respectively. M1 represents an added mass of 54g, and M2 an added mass of
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Figure 6: Comparison of undamaged case structures

108g. Two example FRFs illustrating the effect of M1 and M2 relative to the M0 case are given below, one
for a type A structure and one for a type C structure.

The MAC was also used to compare the similarity of modal results between the undamaged (M0) and M1,
and M0 and M2 cases. These results are given alongside FRF comparison in Figure 8.

3.3 Damaged case results

For clarity, only cases D1, D12 and D17 are illustrated in Figure 9. D1 represents the most minor damage
case simulated, with the removal of one rivet from the structure. Case D12 is a hole of size 144mm x 144mm
at the structure centre and a mass reduction of 50.3g. Case D17 is a hole of size 216mm x 216mm at the
centre of the structure, with a mass removal of 107.4g. These two cases are significant for this work as the
masses of removed material are closest to the pseudo-damage added masses in cases M1 and M2.

4 Discussion

The aim of this work was to assess the variability of common damage-sensitive features across a small
population of similar, and real, structures with the ultimate purpose of providing a roadmap to a more com-
prehensive population-based SHM. Damage had to be introduced to all the structures, but since destructive
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Figure 7: Comparison of FRFs for structures C2 and A2 bottom with no added mass (M0), 54g (M1) and
108g (M2)

means create irreversible scenarios, and can also be unaffordable, pseudo-damage in the form of added mass
was used throughout, except for one structure where a series of more realistic types of damage was applied.

The ‘real’ damage included rivet removal and the progressive cut of sections from the structure. This allowed
for a chance to assess the suitability of added masses as a form of damage introduction - especially in the
case of a population-based scheme. The MAC showed that the modal similarity between the undamaged
structure and a structure with 54g added mass is greater than the similarity between the undamaged structure
and one with 50.3g removed (Figure 10). The same trend is shown by comparing the M2 case (108g added
mass) to the D17 case (107.4g removed) as illustrated in Figure 11, where greater MAC values are seen in
the undamaged vs damaged case than in the undamaged vs pseudo-damaged case.

These data imply that it is challenging to attempt to directly relate the severity of the pseudo-damage with
that of real damage. In the case here, this is mainly because the severe damage scenarios altered the stiffness
as well as the mass of the structure, whereas the pseudo-damage was largely a mass effect.

To test this theory, the M2 108g added mass pseudo-damage case was compared to the full population of
damaged case results, working from D17 to D1. MAC similarity was found to increase for all cases until
D6, which was the damage case most closely approximated by the M2 pseudo-damage case. In this case,
only 2.1g of material was removed. MAC values of over 0.5 are still only seen in the first five (i.e. three
rigid body modes and flexible body modes one and two - see Table 2), which may suggest that for some
cases the pseudo-damage method may require careful thought and consideration in its application if it is
considered to be a suitable alternative to real damage tests. It is also worth noting the large difference in
required additional mass to simulate the removal of a small mass. One may think that if the addition of 108g
is required to simulate a damage case with a material removal of 2g, simulating a damage case with, for
example, an order of magnitude greater material removal will require the addition of a perhaps unfeasible
amount of pseudo-damage material. However, such an argument should be carefully considered, as equating
the removal of mass in order to simulate severity cases of damage is clearly challenging, and may depend on
material properties as well.

The MAC comparison of the M2 and D6 cases is shown in Figure 13.
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Figure 8: FRF and MAC comparison of pseudo-damaged case structures
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Figure 9: FRFs for structure C2 bottom in D1, D12 and D17 cases

Mode MAC value
1 0.9746
2 0.9342
3 0.9194
4 0.9033
5 0.7994
6 0.4856
7 0.0078
8 0.0128
9 0.1189

10 0.2568

Table 2: MAC values for first 10 modes: C2 bottom M2 vs C2 bottom D6 cases. This was the structure
which was subjected to ‘real’ damage.
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Figure 10: FRF and MAC comparison of undamaged vs pseudo-damaged and undamaged vs damaged case
structures

Figure 11: FRF and MAC comparison of undamaged vs pseudo-damaged and undamaged vs damaged case
structures
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Figure 12: FRF and MAC comparison of pseudo-damaged (M2) and damaged (D10) case structures

Figure 13: FRF and MAC comparison of pseudo-damaged (M2) and damaged (D6) case structures
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5 Conclusions

The aim of this work was to assess the variability of damage sensitive features in a small population of
similar structures when subjected to different types of damage. The suitability of pseudo-damage in the form
of added mass as a method of generating damaged structure data, was also briefly explored. Results of the
tests described herein suggest that adding a point mass to a structure can simulate the stiffness reduction
caused by damage, but only to a certain degree. The addition of 108g mass, for example, did not lead to
a significant change in the location of modal frequencies, especially in lower frequency range, whereas the
reduction of stiffness by the addition of even a small amount of real damage had a much greater effect on the
frequency response of a structure. To replicate the effect of significant damage to a structure through the use
of pseudo-damage may be challenging since the mass required would be large, and this implies that added
masses should be carefully considered when damage severity is the main goal of the study.

Ultimately, this study can serve as a collection of data from a real structure under damaged states – and not
just pseudo-damage cases – to be used as a reference for future studies. A numerical model of the tailplanes
is currently under development, and the damaged structure will be crucial in its validation.
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