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Abstract
Pattern recognition (PR) has been successfully applied to many structural health monitoring (SHM) projects.
Although, it has several advantages, PR relies heavily on data from structures in order to create the models
for their monitoring. Especially, if supervised learning approaches are employed, then data from all possible
damaged states of the structure will be required. For inexpensive structures, destructive means of acquiring
those data under laboratory conditions may be possible, but for more expensive structures it may become
prohibitively expensive, and other approaches will be required. Pseudo-faults, or damage metaphors in
general, such as added masses, or loosened bolts, used experimentally to acquire damage sensitive features
without actually damaging the structure may be a possible solution. This paper discusses the concept of using
such damage metaphors for feature selection in pattern recognition-based SHM and attempts to explore their
suitability for practical monitoring applications through a small laboratory study.

1 Introduction

Monitoring the state of structures is vital for their safe operation, and also for the efficient management
of their maintenance. Traditional Non-Destructive Evaluation (NDE) methods [1] are the main inspection
tools for structures. These methods can be highly accurate, but can be very expensive, they demand a high
degree of expertise and usually work in a small region of the structure. In addition, they usually require
the disruption of the structure’s normal service and operation. Structural Health Monitoring (SHM) refers
essentially to any process of damage identification in structures, and has been largely motivated by the effort
to deal with the challenges and drawbacks of most NDE methods. Comprehensive reviews on SHM can be
found here [2, 3].

Among the various approaches to SHM, data-based methods are becoming very popular - possibly because
of the constant effort by researchers to apply their algorithms on real data from real structures. In fact, the
concept of ‘data-based’ or ‘data-centric’ is becoming more prevalent in engineering (e.g. [4]) lately, even
though it has probably been around for a lot longer (e.g. [5]). In general, most data-based approaches will try
to apply a form of Pattern Recognition (PR) - which is usually done through machine learning algorithms [6].
It is perhaps then easy to see that one of the main challenges of any data-based approach is the availability,
as well as the reliability of data.

Pattern Recognition, relies heavily on data from structures in order to create the models for their monitoring.
Especially, if supervised learning approaches are employed, then data from all possible damaged states
of the structure will be required. For inexpensive structures, destructive means of acquiring those data
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under laboratory conditions may be possible, but for more expensive structures it may become prohibitively
expensive, and other approaches will be required. Pseudo-faults, or damage metaphors in general, such as
added masses, or loosened bolts, used experimentally to acquire damage sensitive features without actually
damaging the structure may be a possible solution. Some of those, like the added mass, have been shown to
work, at least partially and compare to more realistic types of damage [7], and also being able to create a set
of surrogate data which can be used to train supervised learning algorithms [8].

In more detail, added masses have been applied based on the simple principle that damage on an elastic
structural member will most commonly reduce its natural frequencies. Consequently then, the blithe extrap-
olation of a SDOF formula for its natural frequency (ω =

√
k/m) allows for an assumption that perhaps

an added mass could cause an equivalent effect and therefore be suitable for the feature selection for dam-
age identification. A loosened bolt on a truss-type structure could have an equivalent effect and has therefore
been used in various works as a proxy for the testing of new algorithms. Pseudo-faults, have also been shown
to be limited, especially in cases of damage severity - for example, even if different levels of added mass can
be identified, there is no consistent proof that they will correspond to equivalent levels of ‘damage’ (such as
loss of stiffness or length of saw-cuts [7]).

The purpose of this paper is to present common experimental approaches which can be applied as damage
metaphors, and simply discuss their practical application and limitations. A small laboratory structure which
can be easily modelled as a 3-DOF system is used to demonstrate pseudo-faults of the type of added mass,
loosened bolt, a short localised temperature increase [9], and are compared with a saw-cut (representing a
more realistic form of damage) on one of the structure’s elastic members. In previous studies [7, 8] it was
shown that added masses can be used for the feature selection of damage sensitive features, and a rigorous
comparison was done. This work does not do a similar rigorous study here, but simply demonstrates the
application of the pseudo-faults in order to incite a discussion.

The layout of the paper is as follows: the next section describes the structure and a short theoretical analysis.
The third section describes the experimental demonstration of all the examined pseudo-faults. Section four
discusses the results and attempts to present a short discourse on the main idea of damage metaphors and
of their suitability and limitations including some suggestions/discussion points. Finally, a short conclusion
recaps the work in order to round off the paper.

2 Structure and theoretical analysis

In order to demonstrate a few of the most common pseudo-faults, a simple laboratory structure is considered
here (see Figure1). The structure can be seen as a model of a 3-floor building, if standing vertically, or a
standard 3-DOF spring-mass-damper system when arranged horizontally. The choice of the structure was
such that it would be easy to model theoretically and also test experimentally.

2.1 Theoretical model

A theoretical model of the structure can be easily derived if it is considered as a 3-DOF spring-mass-damper
system (see Figure 2). In fact, the equations of motion can be found easily into any vibration textbook e.g.
[10] and will not be fully presented here, however it is easy to show that they will be in the form of,

[M ]{ẍ}+ [C]{ẋ}+ [K]{x} = {F} (1)

where

M =



m 0 0
0 m 0
0 0 m


 andK =



2k −k 0
−k 2k −k
0 −k 2k


 (2)
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Figure 1: Laboratory structure representing a 3-DoF system.

Figure 2: 3-DOF spring-mass-damper system.

assuming all masses have an equal value of m and all springs an equal value of stiffness k. Getting values
for m = 0.7257 kg and a value for an equivalent spring stiffness calculated by the standard formula for a
leaf spring: k = 2 · 12EI/l3, where I = bh3/12, b = 0.1m, l = 0.13m andh = 0.001m, it is easy to
calculate from equation (2) the natural frequencies of the system as f1 = 18.81Hz, f2 = 34.75Hz and
f3 = 45.4Hz. Note that the damping matrix can be selected with some guidance from an experimental test
of the structure if one requires realistic values. This study is only using the theoretical model to calculate the
effect of mass and stiffness changes on the frequencies of the system, and does not make use of any damping
values.

2.2 Stiffness reduction and added mass on the theoretical model

If the concept of realistic damage as a form of stiffness reduction is assumed here, then it is easy to use the
theoretical model and see the effect of any such reduction on the modal features of the system. Figure 3
shows how the natural frequencies of the system will drop with a change of the stiffness. Stiffness values for
the spring constants are denoted with kn, where n = 1...4 (see Figure 2). Since the structure is clamped at
both ends, it is symmetric and therefore there are only two distinct cases of stiffness reduction. It should be
noted that the stiffness value here is dropped directly as an absolute number, one could just drop the Young’s
modulus value for a potentially more realistic simulation.

A similar analysis may be performed for the increase of the mass. Figure 4 shows the change in the natural
frequencies of the system when the second and third masses were increased up to three times their original
size. It can be seen that the frequencies do drop, as would be expected, and it would be possible to use
features for the location of the ‘damage’ as when the mass is added on the second floor it does not change
the second mode at all - whereas the mass on ‘floor’ 3 changes it. Immediately, it can be seen by looking
at Figure 3 that the loss in stiffness is not entirely equivalent (all modes are affected). This is expected as
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Figure 3: Theoretical change of the natural frequencies when the stiffness of springs k1 or k4 drops (left) and
k2 or k3 drops (right).
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Figure 4: Theoretical change of the natural frequencies when the size of the masses increases.

the system when clamped at both ends, is symmetric and when the mass is applied on the second floor it is
located exactly at the centre of the structure.

3 Experimental demonstration

The structure of interest was tested with the help of a Data Physics electromagnetic shaker, while its response
was recorded through uniaxial accelerometers of the PCB type, attached directly on the structure as seen in
Figure 1. The excitation force was recorded through a force transducer and the DAQ system used was a
Data Physics Quattro Ace. No calibration factors were used during the measurement, so the FRFs units are
simply voltage over voltage (although they should correspond to equivalent values of acceleration over force
- after an appropriate conversion). FRFs were recorded from all three sensors and can be seen in Figure 5.
The frequency bandwidth of the measurement was 125 Hz with a frequency resolution of 0.156 Hz, while
random excitation was used and 30 averages were acquired for the estimation of the FRFs.

Since the laboratory structure has bolted components, care was taken during its assembly to use a controlled
torque setting. A torque wrench was used and all bolts were tightened to the maximum allowed (based
on their size) torque value. In addition, several FRFs were recorded when the bolts applied on the three
aluminium plates (representing the ‘floors’ - see Figure 1) were tightened with lower values. It was found
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Figure 5: FRFs recorded from the experimental structure - normal state.

that settings between 2 Nm and 6 Nm did not produce any change on the first three modes. Of course
the laboratory structure has higher modes than the theoretical model, and changes could be seen in higher
frequencies. This can be discussed at a later section, however, it can be noted here that the aluminium plates
(which represent the floors) contain threaded holes - which should explain the limited effect of the torque
settings on the lower frequencies.

Through curve fitting (rational fraction polynomials) with the help of MATLAB, the first three frequencies
of the experimental structure were identified. Table 1 shows a comparison between the theoretical and
the experimental natural frequencies. In terms of percentage difference, the first and third mode are a bit
further away, however, if the properties of the material are altered, then the absolute difference can change
- although it will be a compromise between the three modes. Nevertheless, the theoretical model can be
considered accurate enough to be used at least as a guide.

Theoretical freqs. [Hz] Experimental freqs. [Hz] Abs. Difference [%]
18.8 18.21 3.2

34.75 34.44 0.89
45.4 46.71 2.89

Table 1: Natural frequencies of the 3-DOF structure

3.1 Added mass on the experimental structure

The first pseudo-fault applied on the structure was the added mass. It is very convenient and easy to use and
it is a non-destructive way of introducing a local change on the system. The added mass was firstly added on
the second ‘floor’ (mass) of the structure and progressively increased from 66g to 216g. Subsequently, the
process was repeated to add the mass on the third ‘floor’. Figure 6 shows the effect of the added mass on the
frequency response of the system. A careful look at the theoretical analysis (Figure 4) shows that the mass
on the centre would not affect at all the second mode - and the experimental results agree. The added mass
on the third ‘floor’ is changing all three modes.

Added masses were also added directly on the spring leaf (see Figure 8), where the saw-cut was also applied
(to be described in a following sub-section), to be in-line with previous studies [7] where the added mass was
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Figure 6: FRFs recorded with an added mass on m2 (left) and m3 (right).
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Figure 7: FRFs recorded when added mass was added directly on the leaf spring - where the saw-cut was
later added.

added directly on the same location as the actual ‘fault’. When the mass is added on the leaf spring, then the
theoretical model cannot be used directly for comparison, as the mass of the leaf spring and its inertia have
been changed. Figure 7 shows the FRFs when the mass was added on the leaf spring.

3.2 Loosened bolts

Another type of pseudo-fault which was tested was the simple case of loosening a bolt. This scenario is
commonly applied to truss-like structures. Since the experimental rig here contained joints with bolts, it was
a straight-forward choice to be examined. It is already mentioned in a previous section that torque settings
may have an effect on the frequency response of the structure. A short study which used low torque settings
showed that in a low frequency range, where the first three modes of the structure are, there was no effect.
However, when a bolt was loose - to the extent that it could be turned by hand, but not ‘rattle’ during the test,
the effect on the frequencies was evident.

Figure 8 shows the bolts which were used in this part of the study numbered, so that it would be easier for
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Figure 8: Indexing of bolts which were loosened during the study. An added mass can also be seen. Note that
added masses were also applied directly on the central masses/plates (representing the floors of the 3DOF
structure).
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Figure 9: FRFs recorded when bolts in the joints of the structure were loosened. Please refer to Figure 8 for
the location of the bolts.

the reader to understand which bolt was loosened every time. Several repeat tests with loosened bolts were
performed, including the bolts residing at both sides of the structure. However, here two standard cases are
presented: when bolts clamping the central mass (floor), and subsequently the third mass, were sequentially
loosened. Even a single bolt was enough to produce a change in the frequencies as seen in Figure 9. It can
also be seen that with three bolts the effect is as high as a substantial loss in stiffness (see Figure 3 from the
theoretical model).

3.3 Local temperature increase - Heat gun

A localised increase on the temperature of a structure will change locally its properties and thus affect its
natural frequencies. This has been used as a pseudo-fault before in [9]. A heat gun was used here as well
to increase the temperature on the third leaf spring (representing stiffness value k3 in the theoretical model),
and subsequently on the fourth leaf spring. In order to have a consistent approach the heat gun was held
at a distance of 15 cm and was used for 10 sec before any measurements were taken. It was immediately
apparent that a prolonged application time of the heat gun would overheat the element (also burn the paint
of the specimen) and transfer the heat to the neighboring plates (leaf springs). Overall, this meant that the
FRFs recorded contained only 4 averages - as a longer time would create inconsistent results due to the
heat conductivity of the metal plates. Figure 10 shows the comparison of the FRFs before the heat gun was
applied, and after. It is clear that a change in the natural frequencies, more prominent on the third and second
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Figure 10: Heat gun applied locally on the plate representing k3 (left) and k4 (right). These FRFs were
recorded with only four averages.

Figure 11: Saw-cut introduced to one of the plates (leaf spring) of the structures

mode (as was expected though the theoretical model - see Figure 3) was evident. It is interesting that the
location of the local heat increase changes the magnitude of the FRFs (in the case of k4 there is a drop in
frequency and magnitude), although based on the few averages recorded this result should not be considered
highly reliable.

3.4 Saw-cut

A saw-cut is a form of destructive type of damage which can be introduced on a structure - it is of course
irreversible, so it is not recommended for high value specimens, however, it is generally considered a more
realistic form of damage when compared to added masses or loosened bolts. Although, there are arguments
against a saw-cut being realistic damage (e.g. it is visible by naked eye or it would not be easily created
through the structure’s normal operation), but most vibration-based approaches may include it as it will
cause a local drop in the stiffness of the structure. Figure 11 shows the structure with a saw cut on one of its
leaf springs.

Five different levels of ‘damage’ in the form of saw-cut lengths were gradually introduced: 10%, 25%, 50%,
75% and 100% (full removal of the leaf spring). Note that this was introduced only on one leaf spring
(representing less stiffness reduction than if it were applied to both sides). It was seen that the first two
levels (lengths) did not produce any change on the first three modes. In Figure 12 it can be seen that the
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Figure 12: FRFs recorded when a saw-cut was introduced on one of the leaf springs representing k3 stiffness.
Short lengths of saw-cut did not have an effect on the first three modes of the structure.

introduction of the saw-cut affects the first three frequencies of the structure after its length reaches 50%
and above, with a complete removal of the panel causing the most significant frequency shift. The complete
removal of the panel should be approximately equivalent to a 50% reduction of the stiffness value, however,
there is a small mass change as well. Figure 12 also shows that in higher frequencies there will be features
available for shorter saw-cuts.

A careful look at all the FRFs from all cases will show that although similar trends can be found, and the
experiment agrees with the theory, it is not straight forward to equate stiffness loss with added mass (theory),
or added mass with a saw-cut in the experiment. The location influences the effect, and added mass and
stiffness reduction cannot be modeled exactly at the same location in theory. In practice, only the case where
an added mass was added on the same leaf spring as the saw-cut has the exact same location for both types
of damage. Table 2 shows some comparison of an absolute change, in %, of the first three modes of the
structure when compared to the normal state. It can be seen that in the case of the 100 % saw-cut (full
removal), the same trend can be seen as in the theory, however, the added mass, although it does reduce the
third mode, it displays a different pattern (progression of change from one mode to the rest is reverse - third
mode shows the least change).

Saw-cut Saw-cut Saw-cut Theory 50 % Added mass Added mass
50% 75% 100% k3 reduction 159g 216g

f1 0 0.4 0.9 3.2 3.4 4.7
f2 0.4 1.5 8 10.6 2.2 3.3
f3 0.7 2.1 7 8.5 1.5 1.6

Table 2: Absolute difference of changes of the first three modes of the structure when compared with normal
state, under saw-cut and added mass (applied on the same location as the saw-cut).

4 Discussion points on damage metaphors

4.1 Added mass

This type of pseudo-fault is very common, and easy to implement. It has been shown that it works well,
albeit at a small extent. Attempts to equate an increase of mass with loss in stiffness is challenging and
will likely end up having the drawbacks of inverse problem approaches (like a non unique mapping between
feature changes and the cause of those changes).
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4.2 Loosened bolts

If a test structure contains bolts, then it is highly recommended to change its torque settings or loosen it
completely, as it will certainly cause a visible change in the frequency response of the system. Care needs to
be taken during any testing, as joints may introduce nonlinearities, especially with higher excitation levels.
Again, a severity study may be challenging, unless it includes just the identification of the location (in order
to assess partially the severity of the damage case).

4.3 Local temperature increase

This is an interesting choice of damage metaphor. It is shown here that it works by lowering the frequencies
of the structure. In more complex structures though, it was shown [9] that not all features selected from the
local heat increase are going to be adequate for the ‘real’ damage. There are also several practical limitations
in its application.

4.4 Saw-cut

This was used as a benchmark for real damage introduced on the structure. It was shown that short saw-cuts
do not cause an immediate effect in the low frequencies of the system. In general, this is expected in a
vibration-based approach, as higher modes contain more local information about the structure. Of course,
measurements in a higher frequency range can still be used for feature selection.

In addition, it can be considered ambiguous whether a saw-cut represents real damage - although it is gen-
erally applied to structural elements in order to cause a local loss in their stiffness. Ultimately, the choice of
whether to be used or not will depend on the requirements of the SHM approach.

4.5 Open questions - suggestions

From the above a few discussion points can be raised:

• It is very common to require the need for a non-destructive way of introducing damage in an SHM
attempt or validation of SHM algorithms. This may be necessary in data-based approaches.

• A pseudo-fault may be used as a guide for feature selection, but it cannot be damage - by its definition.

• A comparison of the pseudo-fault with ‘real’ damage will almost certainly be required. This perhaps,
presents an irony - as the point of the pseudo-fault is to avoid real damage. Here, saw-cuts were used,
but this has raised questions, and so the choice of the ‘real’ damage is crucial.

• The choice of pseudo-fault and consequently the choice of the ‘real’ damage to be used for comparison,
will largely depend on the operational evaluation of the whole SHM system, i.e. the requirements of
the monitored structure. This leads to the following point.

• The choice of the pseudo-fault should be guided by the features one is attempting to use. All the
damage metaphors shown here are expected to be used in conjunction with modal features, if one, for
example, is attempting to use strain gauges to monitor strain, then added masses will probably not be
an appropriate choice.
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5 Conclusions

The purpose of this paper was to go though common types of pseudo-faults or damage metaphors, which
are very often necessary when dealing with damage identification on expensive structures. A laboratory
structure was used to experimentally demonstrate added masses, loosened bolts, local temperature increase
and compare them with saw-cuts. The latter is generally considered a more ‘realistic’ type of damage in-
troduction as it forms an irreversible scenario. The work clearly showed that considering modal features,
such as changes in natural frequencies and frequency response functions, all pseudo-faults can be used to
extract damage-sensitive features. The attempt, however, to correlate the changes caused into the system in
a damage severity study will likely prove very challenging. In other words, the absolute differences of the
changes produced in the structure may not be necessarily useful (unless perhaps in special cases such as this
laboratory structure), but the trends or the patterns observed should be informative for any SHM study. A
few discussion points and suggestions were raised here, including how realistic is the ‘real’ damage scenario
(saw-cut), and it is hoped that the work will inspire a debate on the use of damage metaphors among the
SHM community.

References

[1] J. E. Doherty, Nondestructive Evaluation, in Chapter 12, Handbook on Experimental Mechanics, S.
Kobayashi Edt., Society for Experimental Mechanincs, Inc. (1987).

[2] S. W. Doebling, C. R. Farrar, M. B. Prime, D. W. Shevitz, Damage Identification and Health Monitoring
of Structural and Mechanical Systems from Changes in their Vibration Characteristics: A Literature
Review, Los Alamos National Laboratory LA-13070-MS (1996).

[3] H. Sohn, C. R. Farrar, F. M. Hemez, D. D. Shunk, D. W. Stinemates, B. R. Nadler, J. J. Czarnecki, A
Review of Structural Health Monitoring Literature: 1996-2001, Los Alamos National Laboratory LA-
13976-MS (2004).

[4] F. Din-Houn Lau, N. M. Adams, M A. Girolami, L. J. Butler, M. Z.E.B. Elshafie, The role of statistics
in data-centric engineering Statistics and Probability Letters, Vol. 136, (2018), pp. 5862.

[5] C. R. Farrar, S. W. Doebling, D. A. Nix, Vibration-based structural damage identification, Philosoph-
ical Transactions Of The Royal Society Of London Series A-Mathematical Physical And Engineering
Sciences, Vol. 359, No. 1778, (2001), pp. 131-149.

[6] C.R. Farrar, K. Worden, Structural Health Monitoring, A Machine Learning Perspective John Wiley &
Sons, (2013).

[7] E. Papatheou, G. Manson, R. J. Barthorpe, K. Worden, The use of pseudo-faults for novelty detection in
SHM, Journal of Sound and Vibration, Vol. 329, No. 12, Academic Press (2010), pp. 2349-2366.

[8] E. Papatheou, G. Manson, R. J. Barthorpe, K. Worden, The use of pseudo-faults for damage location in
SHM: An experimental investigation on a Piper Tomahawk aircraft wing, Journal of Sound and Vibra-
tion, Vol. 333, No. 3, Academic Press (2012), pp. 971-990.

[9] G. Manson and M. Matzakou, SHM feature selection using damage metaphors, Proc. Int. Conf. Noise
Vib. Eng. ISMA 2012, Leuven (2012), pp. 3345-3358.

[10] S. R. Rao, Mechanical Vibrations, Prentice Hall, SI Edition (2005).

STRUCTURAL HEALTH MONITORING 3835



3836 PROCEEDINGS OF ISMA2018 AND USD2018


