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ARTICLE INFO ABSTRACT

Keywords: Due to the aging of existing infrastructures and the growing of urbanisation among other things, Structural
Structural health monitoring Health Monitoring has become a key element in various engineering fields. Numerous methods already exist
Sensitivity

to detect and localise damage to structures. However, the performances of such methods are reduced when
subjected to unknown disturbances. In this paper, the influence of noise on a recent method based on the First
Passage Time is studied. First, the description of the methodology is summarised and illustrated. Then, the
efficacy of the method is assessed through four different scenarios. The first scenario considers the repeatability
in identifying damage in ideal conditions, without any added noise. The other scenarios focus on the influence
of additive loading (wind load) and measurement noise in detecting damage. It has been shown that the
method excels in damage detection in each scenario. Indeed, even when the frequency change is approximately
1%, the method is still capable of identifying a small damage. However, in particular cases where the added
measurement noise becomes too large, the method fails to distinguish the reference and damaged cases. Finally,
due to the effectiveness of the bandpass filter in the processing of the method, the influence of wind load is
limited, making the method efficient in detecting damage.

Signal processing

1. Introduction

Structural Health Monitoring (SHM) refers to the process of im-
plementing a damage identification strategy for aerospace, civil, and
mechanical engineering infrastructures [1]. It represents an approach in
ensuring the safety, reliability, and longevity of infrastructures thanks
to a wide variety of techniques, methodologies, and technologies that
aim at monitoring the condition in structures to detect, assess, and
mitigate potential damages [2]. With the increase of the global pop-
ulation, urbanisation grows [3] and existing infrastructures age [4].
SHM has gained in popularity with its applications spanning across
civil infrastructures such as bridges [5,6], buildings [7], dams [8],
pipelines [9], offshore structures [10,11], and more.

The objective of SHM lies in its proactive approach to maintenance
and risk management. By implementing SHM systems, stakeholders can
transition from reactive responses to structural failures to a proactive
stance, wherein potential issues are identified and addressed before
they escalate into catastrophic events [12]. This goal allows greater
safety and reliability of infrastructures but also leads to significant
cost savings [13] by optimising maintenance schedules, extending the
service life of structures, and minimising downtime associated with
repairs [14,15].

In addition, SHM involves the deployment of sensors and mea-
surement devices to collect data regarding the structural response
to environmental stresses and potential anomalies. This data is then
analysed using various techniques that require the comparison of two
states of the structure: the healthy or reference state and the current
state that can become a damaged state if damage is detected [16].
To compare two states of the same structure, different techniques
can be used, relying on, for example, the wave velocity inside the
material [17], the modal curvature [18], the inverse of the structural
stiffness matrix [19] or some modal parameters [20,21], such as eigen-
frequencies, eigenmodes, and damping ratios. Finally, based on data
analysis, stakeholders can make decisions concerning the maintenance
and repair of the structure if damage is detected.

Another more recent technique is based on First Passage Times [22].
The efficiency of the methodology has already been assessed in [23]
for damage detection and localisation. This new methodology appears
as a good candidate for detecting small variations in a system. How-
ever, the influence of noise on the detection performances has not
been thoroughly studied yet, a central question is assessing a damage
identification procedure since this can make it less performant when
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Fig. 1. Illustration of the chosen methodology for damage detection.

subjected to unknown disturbances. Therefore, in this article, the per-
formances of the methodology are evaluated when the measured signal
is corrupted by additive noise and an external loading to take into
account the impact of these effects on the quality of damage detection.
Section 2 is dedicated to the summary of the methodology while
Section 3 focuses on the influence of noise on the quality of the damage
detection process. The performances of damage detection are assessed
first in ideal conditions before studying the effect of an added unknown
external loading and of additive noise to the measured signal.

2. Description of the chosen damage detection method

The damage detection method studied in this article is based on
First Passage Time maps. In SHM, the comparison of these maps in the
reference and current states is required for damage detection. In short,
the method consists in measuring the response of the system to a given
wideband loading, then processing measured accelerations (or other
structural responses) to obtain their FPT maps. The comparison of such
maps in the two states allows decisions about the presence of damage.
While the methodology is comprehensively established in [23], in this
section, the major steps are described.

2.1. First passage time maps

The First Passage Time (FPT) of a given signal is defined as the time
required to reach a level X, for the first time, starting from a level X,,.
For a random signal, the FPT is a random variable. Indeed, for a given
sampled signal, many samples of FPTs, corresponding to the multiple
crossings, are computed and stored. Furthermore, various combinations
(Xo, X ) can be taken into account, which leads to a matrix that is also
called a map [24]. Each cell of this map contains a collection of samples
of FPTs, for a particular combination (X, X ;) which can be processed
to assign, to each map cell, histograms or cumulated histograms, or
more simply statistical moments. In the latter case, the map can also
be referred to as the average of FPT map or the standard deviation of
FPT map [25,26].

Computing these samples of FPTs is a time consuming task if no
specific care is paid to the algorithmic approach. Therefore, they are not
considered as a standard signal processing tool. However, an efficient
algorithm [27] was developed to compute these samples of FPTs,
making the computation of FPTs from any given signal feasible under
trivially short computation time. Hence, this new tool has opened new
perspectives for using FPTs as a signal processing technique in various
fields of engineering, including SHM.

2.2. Damage detection based on these maps

The method based on FPT relies on different steps: data measure-
ment, data processing, and the new algorithm [27], which efficiently
computes First Passage Times from any time signal.

The first task consists in measuring the vibrations of the stud-
ied structure under a known loading, a band limited white noise
whose Power Spectral Density (PSD) is constant in the frequency range
[fmini fmax] = [0.9f,1.1f] spanning a chosen natural frequency f.
Due to environmental effects and the occurrence of damage, the nat-
ural frequencies of a structure may change over time. The proposed
methodology currently works with one isolated natural frequency.
The chosen frequency range is selected to ensure that this natural
frequency is always located within the frequency range. If two natural
frequencies are located in this frequency range, it is required to select
another natural frequency or to manage sensors location to remove one
of the two natural frequencies from the measurements before using
the methodology to perform damage detection. There is also some
freedom on the position of the loading point. In its current version,
the methodology is based on a single mode observation, since the
identification procedure requires a Hilbert transform, which is optimum
for single mode responses. The acceleration (or any structural response)
is measured by sensors placed at specific locations on the structure.
Currently, the methodology only works with one sensor, but extensions
could include multiple sensors.

The second task is dedicated to the processing of the measured data,
which is divided into three distinct steps. First of all, a Butterworth
bandpass filter of order 4 is applied to the measured data in the same
frequency range [fmin; fmax] [28]. This filter removes the undesired
response in natural modes outside of the chosen frequency range. Even
when the filter is applied only once, and a phase shift is introduced,
the results computed by the FPT algorithm remain mainly unaffected.

The second filter acts like a linear filter and does not modify the
phase of the signal. This filter aims to compensate for the slight possible
discrepancy between the actual and target loadings. Indeed in an open-
loop testing, it is possible that the PSD of the loading slightly differs
from one test to another. To compensate for this undesired effect, a
frequency content adjustment is performed.

Assuming that the system is linear time-invariant for each state and
remains in a linear regime under the chosen loading, the following
equations, in frequency domain, are obtained
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Fig. 2. (a) Numerical model and (b) PSDs of the first bending mode for the reference case and each damaged case.
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Fig. 3. Sensitivity of the chosen methodology - damage detection in ideal conditions.
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where H is the transfer function in the current state, X is the measured
structural response and F is the external loading, and indices ref and
curr correspond to the healthy and current states.

Hence, the structural response X, that would have been measured
in the current state if the forcing had been F,; instead of the (slightly
different) forcing F,,, is given by
~ F,

Xoop = F’—efX

curr

@

Then, the upper envelope is computed by applying the Hilbert
transform. Many other fields also use the Hilbert transform for signal
processing [29] and for detecting low damage level [30]. Moreover, by
using the upper envelope, the fast dynamics of the measured data is
removed, which could jeopardise the damage detection if a small shift
in the natural period of the studied structure occurred.

Last but not least, the FPT map of this envelope is computed with
the efficient FPT algorithm. As structural health monitoring requires the
comparison of features, in the reference state and in the current state
of the structure, to detect a damage if the difference is significant, FPT
maps from these two different states are compared as shown in Fig. 1.
The comparison of such maps relies on statistical hypothesis testing.
Beforehand, the envelope signal is split into N signals of equal length.

curr*

Hence, N FPT maps are obtained. Each cell of an FPT map contains
a collection of FPTs. From this collection, an Empirical Cumulative
Density Function (ECDF) is computed. For different given percentiles,
the sample distribution of FPT histograms is compared in the reference
and current states. From this test, for each chosen percentile, an «-
value is obtained, quantifying in the sense of hypothesis testing the
similarity between the sampled percentiles in the two states. Then, for
a given combination (X, X f), the average of the a-values is computed.
If the average of a-values is close to 1, the ECDFs in the reference and
current states are similar. If the average of a-values is close to 0, it is
the opposite. These tests are repeated for each combination (X,, X f)
inside the FPT map. At the end of this process, a new map, containing
only the averages of a-values, is obtained, see [23] for more details
about the method. To provide a visual representation of the damage
detection, the ECDFs of a-values over the entire map are computed. If
the reference and current states are similar, therefore, a-values are on
average close to 1. This results in ECDFs of a-values that are close to
the lower right corner. In addition, a simple rule, called the “rule-of-
the-diagonal”, has been proposed. If the ECDF of a-values is under the
main diagonal, the current state is said to be undamaged. However, if
the ECDF of a-values is above this diagonal, damage is detected and
the current state is identified as a damaged state.
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Stiffness of the rotational spring, eigenfrequencies of the first bending mode in each case and their relative change with the
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Fig. 4. Sensitivity of the chosen methodology - damage detection under wind load.

3. Influence of noise on first passage time maps

The methodology based on First Passage Times has shown great
performances in ideal conditions [22,23]. However, the influence of
external factors, such as wind load and measurement noise, can affect
the capabilities of damage detection, especially if the loading changes
as a result of inaccurate operating conditions, or if the signal is cor-
rupted by noise. Therefore, this paper analyses the influence of such
perturbations on the methodology.

3.1. Description of a numerical model

A numerical model has been created and virtually damaged to
quantify the sensitivity of the methodology summarised in Section 2
concerning undesired perturbations. The numerical model is shown
in Fig. 2(a). It models a 50-m bridge with 10 beam finite elements
whose mass and stiffness matrices are given in Appendix. The size of
the cross section has been chosen to represent a common bridge deck,
whose width is 18 m. The material chosen for this bridge section is
steel, whose Young Modulus E = 205000 MPa and density is equal to
7850 kg/m?>. The second moment inertia of the section is equal to 0.04
m* and its cross sectional area is equal to 0.2 m?.

The input force, applied to the structure, is a band limited white
noise with frequency band [0.9f,1.1f], where f is the chosen eigen-
frequency, and is located at midspan (node 6). The response signal is
the acceleration of the structure and is measured at node 4. This signal
is obtained by using the Newmark scheme with a sampling frequency
of 50 Hz. The damage is detected based on this sole acceleration. To
simulate a damage in the numerical model, a rotational spring has
been added at node 8. Alternative scenarios with other measurement
loadings and damage points are discussed in Section 3.6.

To assess the sensitivity of the methodology, three different dam-
aged cases are considered. The rotational spring stiffness is decreased
from very large (10" [Nm/rad]) in the healthy state, meaning that
the connection between the seventh and eighth elements is perfectly
rigid, to 5 - 10° [Nm/rad] in the third damaged case. By adding this
rotational spring to the numerical model, it results in a decrease of
the eigenfrequencies as shown in Fig. 2(b). A classical approach to

damage detection would analyse this frequency change. Instead, the
method proposed here is based on the FPT maps, as detailed earlier.
The first bending mode has been chosen for the damage detection. The
eigenfrequencies of the first bending mode in each case can be found in
Table 1 as well as the relative change and the rotational spring stiffness.

Moreover, the simulation time has been fixed to 4 h. This duration
is set long enough to obtain reproducible results for the statistical test.

Based on four different scenarios, the sensitivity of the proposed
methodology is assessed. In the first scenario, the damage detection
sensitivity is determined without any added perturbation, which repre-
sents the corner stage of the suggested methodology. Then, three other
scenarios include wind loading as an unmeasured force, which is added
to the external loading, an additive measurement noise that can directly
pollute the measured signal, and the combination of the wind loading
and the additive measurement noise. These four scenarios are studied
in the rest of this section.

3.2. Scenario 1: Performances in ideal conditions

To study the sensitivity of the proposed methodology under damage
only, in the absence of external disturbances, the damage detection is
assessed considering three different samples of the input force for the
reference case and each damaged case.

The ECDFs of a-values over the entire map are shown in Fig. 3 for
the different configurations, while comparing them to the first loading,
in the reference case. The remaining two reference cases are used to
evaluate the sensitivity of the methodology to differentiate between
very small damage, in damaged case 1, and variations resulting from
test repeatability.

It can be observed that each damaged case gives distinct results
from the others, resulting in a proper damage identification or at least
a ranking of the various damage levels. The ECDFs are moving from
the bottom right corner to the upper left corner in Fig. 3 when going
from the reference case to the damaged cases. In the damaged case
1, the ECDFs are close to those of the reference case. Indeed, the
modal parameters of the numerical model in the damaged case 1 do
not differ significantly from those in the reference case. Indeed, the
relative change in eigenfrequencies for the first bending mode is 0.1%
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Fig. 5. PSDs of the measured acceleration of the structure under the input force and added noise. NL = Noise Level.

only. Then, the ECDFs are moving further away from the reference case
in the damaged case 2 and even further in the damaged case 3, showing
that the damage applied to the structure increases. Moreover, for each
damaged case, the ECDFs of a-values are more or less superimposed,
meaning that the method is repeatable in identifying the damaged
cases.

3.3. Scenario 2: Influence of additive unmeasured loading

To further assess the sensitivity of the performances of the method-
ology, unmeasured wind loads are applied to the structure in addition
to the input force. These wind loads are distributed along the entire
bridge deck. The resulting wind forces are integrated over each element
and subsequently transformed into nodal forces. At each node of the
model, the applied force is given by

1 2
Fi,wind @)= EPCLB (Uoo +u; (t)) Lelem 3

where p = 1.22 kg/m? is the air density, B = 18 m is the width of the
bridge deck, U, is the average wind speed, ; (¢) is the u component
of the turbulent wind, Lge, = 5 m is the length of one element, and
C, is the lift coefficient, which is equal to 0.9 [31]. In this example,
two different average wind speeds have been chosen: U, = 5 and
U, = 10 m/s. The case U,, = 0 m/s corresponds to the case without
added wind, identical to the one treated in the previous subsection. The
u component is described by the PSD of Von Karman, given by

)"

U, <1+70.7(f~ L

L-o?
u

4

Sy ()=

where L = 30 m is the turbulence length scale and o, is the standard
deviation of the turbulent wind and is equal to 1 and 2 m/s when U,
is equal to 5 and 10 m/s respectively.

Moreover, the wind loads are spatially correlated. The coherence
PSD is the following [32]

_ Codx
TM (a)) =e AKUGQ

)

where C = 11.5 is the coefficient of coherence and 4x is the distance
between two nodes.

Synthetic wind turbulence samples, based on the PSD and coherence
functions, are generated using standard methods [33]. From these time
series, the individual wind components u;(r) are derived and subse-
quently used in Eq. (3) to compute the nodal forces. In this study, a
sample duration of four hours with a sampling frequency of 50 Hz has
been used.

Again, the FPT maps of the acceleration are established and com-
pared with the method described in Section 2. All variants (three
wind speeds and four reference/damaged cases) are compared to the
reference case without damage and wind. The ECDFs of the a-values
obtained in all those variants are shown in Fig. 4.

A clear distinction can be made for each case, meaning that the
damage detection is only slightly disturbed by these wind loads
and is feasible.

For each wind speed, each damaged case is well separated from
the others.

When the wind speed is approaching 10 m/s, the reference case
is close to the damaged case 1 without or with the smallest wind
load (5 m/s).

The influence of the wind on the methodology is limited due to
the bandpass filter used in the processing step. Indeed, the PSD of
the wind is relatively flat and low in the chosen frequency range
[fmin- fmax] SO that the amount of energy in that higher frequency
band is rather limited.

3.4. Scenario 3: Influence of additive measurement noise

The next scenario takes into account the noise that affects the
measured signal. This noise is generated as a band-limited white noise
in the range [0.5;5]Hz. Different Noise Levels (NL) have been selected,
going from 5% to 100%. The NL is defined as

Cui  — G
NL = signal+noise signal _ /1 i (N/S)2 1

Osignal

©

where ¢ is the standard deviation and N/S is the noise over signal ratio.
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When NL = 100%, the standard deviation of the noisy signal is twice
greater than the reference signal without noise. The effect of the added
noise can be directly seen in the PSDs shown in Fig. 5. By increasing the
noise level, the frequency ranges that are mainly subjected to changes
are those close to f;, = 1.29 Hz and f,,,, = 1.58 Hz. Thanks to the
bandpass filter, modifications outside the frequency range [fmin; fimax]
is discarded. Hence, after filtering, the net noise level is, in fact, equal
to 1.2% and 8.7% compared to 20% and 100% respectively without
filtering.

Nevertheless, in Fig. 6, it can be seen that the noise greatly affects
damage detection. Except for Fig. 6(a), the ECDFs of the signal without
noise are shown in grey to improve the comparison with ECDFs of the
signals with noise. In Fig. 6(b), it can be seen that a noise level of 5%
for the reference already exceeds the threshold of the damaged case 1
without noise. This is expected since the two cases are similar to each
other. However, a noise level of 20% for the reference case is required
to surpass the threshold imposed by the damaged cases 2 and 3. In Fig.
6(c), it can be observed that for the same noise level, the ECDFs of the
a-values in the reference case are always slightly lower than the ECDFs
of the a-values in the damaged case 1. This shows that the damage
detection is still performing well for the same noise level and is able
to make distinction between two systems with close modal properties.
In Fig. 6(d), it can be seen that when the noise level is important,
superior or equal to 50%, the ECDFs of the a-values for each case almost
coincide. In this case, the damage detection fails and is not able to make

the distinction between a small damage, as in damaged case 1, and a
higher damage, like in damaged cases 2 and 3.

3.5. Scenario 4: Influence of both additive loading and measurement noise

The last scenario consists in considering the effect of the additive
loading and the measurement noise at the same time. The influence
of this combination is shown in Fig. 7(a) for each case. This figure is
challenging to interpret and has been split into 3 separate figures for
better readability. In Fig. 7(b), it can be observed that when the wind
speed is equal to 10 m/s, for each noise level, the efficiency of the
methodology is reduced. On the other hand, when the wind speed is
equal to 5 m/s, the ECDFs of a-values are close to the ECDFs when
there is no wind loading, resulting in a slight variation compared to
the impact of the measurement noise. In Fig. 7(c), the influence of
the wind loading, when the wind speed is equal to 10 m/s, makes
the methodology unable to distinguish between the reference case and
the damaged case 1. Indeed, the ECDFs of a-values are closer to the
upper left corner in the reference for a wind speed equal to 10 m/s
than for the ECDFs in the damaged case 1 for wind speeds equal to 0
and 5 m/s. This observation is particularly noticeable when the noise
level is equal to 5% and 10%. Finally, in Fig. 7(d), the influence of
the wind loading is not significant as all ECDFs of a-values are more
or less superimposed when the noise level is equal to 50% and 100%
respectively. In this case, the methodology is unfortunately unable to
differentiate the reference case from any damaged case.
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3.6. Alternative scenarios

This subsection discusses the potential influence of measurement
points, loading points, and damage locations on the conclusions drawn
in this article.

When the measurement point is changed, the measured accelera-
tions remain qualitatively similar. Indeed, as the PSD of the loading
remains centred around the first bending mode, the resulting accelera-
tions differ only in amplitude. Given that the same signal-to-noise ratios
as those used throughout the study are maintained, the conclusions
remain unchanged.

A similar observation applies to the loading location. When the
excitation force is applied to a different node, the energy injected into
the system is altered due to the localised nature of the input. Since the
frequency content of the loading PSD contains only the first bending
mode, only the amplitude of the measured accelerations is impacted.
Consequently, when the same signal-to-noise ratios are considered, the
derived conclusions are not affected.

Regarding the damage location, moving the damage to a different
node can be compensated by appropriately adjusting the local stiffness
reduction to produce the same frequency shift observed in the original
configuration. Since the analysis focuses on the first bending mode, the
damage can be placed at any internal node of the numerical model
without compromising the validity of the conclusions.

In summary, the choice of measurement, loading, and damage
points does not affect the generality of the conclusions. Therefore, the
current setup sufficiently captures the phenomena under investigation.

4. Conclusion

A damage detection methodology based on FPT [22,23] has been
considered in this paper. While its performances have already been
assessed previously, the novelty of this article is to evaluate the per-
formances of the same methodology when the measured signal is
corrupted by an additional noise and an external loading. To do so, the
sensitivity of a damage detection methodology based on FPT has been
assessed through four different scenarios. Globally, it has been shown
that the methodology performed well in damage detection in each
scenario. Indeed, the methodology is capable of detecting small damage
even when the frequency change is approximately 1% or below.

However, the effects of the additive loading and the measurement
noise reduce the performances of the methodology, especially to dis-
tinguish very small damage. For a noise level below 20%, the damaged
cases 2 and 3 are still identified as such, which corresponds to a
frequency change of 1 and 2%. Moreover, for large added measurement
noise (noise level of 50% and 100%), the methodology fails to detect
damage as it is impossible to make a distinction between the reference
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case and any damaged case. In particular situations where measure-
ment noise is large, an improvement in the measurement acquisition
method is required to reduce the noise level.

Finally, the influence of the wind load is minimal on the method-
ology due to the effectiveness of the bandpass filter. The PSD of the
wind load exhibits a relatively flat and low profile within the frequency
range around the natural frequency. Additionally, the bandpass filter
discards frequencies below the selected threshold f,,;,, further reducing
the influence of wind load.

The methodology has already been successfully tested in laboratory
conditions on two different structures: a steel strip and a 25-meter
prestressed concrete beam [22]. The promising results obtained in
both cases demonstrate the potential of the methodology for real-
world applications. For practical implementation on various structures,
a shaker, with appropriate mass and dimension, can be employed
to accommodate the specific dynamic characteristics of the target
structure.

For future work, artificial intelligence could be combined with this
method to improve the results based on pattern recognition. Indeed, the
influence of the additive loading and the measurement noise could pos-
sess a specific signature on the FPT maps. By recognising these patterns,
it could be possible to discard the impact of the additive loading and the
measurement noise as well as other external parameters. This approach
has not been included in this paper since two configurations were
compared by the distribution of the a-values throughout the entire map,
an operation that discards the specific arrangement of the a-values in
the map.
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Appendix

Stiffness and mass matrices of the elements of the numerical model

In this Appendix, the stiffness, consistent-mass and consistent
geometric-stiffness are written for a given element of length L [34].
Each beam element contains 2 nodes with two displacements allowed
for each node: the transversal displacement v and the in-plane rotation
0. The parameters E and I are respectively the Young’s modulus and
the inertia of the element. The parameter m takes into account the
uniformly distributed mass of the element.

Stiffness matrix

This matrix takes into account the stiffness of the elements at their
nodes. For the special case of a uniform beam segment, the stiffness
matrix can be expressed by

fsi 6 -6 3L 3L 0
fSZ _ 2E1 -6 6 -3L -3L Uy
fes [~ 3| 3L -3L 21?12 0,
fsa 3L 3L > 217 0,
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Consistent-mass matrix

This matrix takes into account the mass distribution of the elements.
In the special case of a beam with uniformly distributed mass the
consistent-mass matrix can be written as

n 156 54 22 -13L i
fro | _mL| 54 156 13L  -22L iy
fis [~ 40| 220 130 412 312 6,
f1a —13L -22L -3L1%* 4% by
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