Influence of structural damages on first passage time maps
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Abstract

Current damage detection methods usually rely on changes in modal properties. Another approach, based on
the mathematical concept of First Passage Time (FPT), is considered here. The FPT is defined as the time
required for a signal to reach a target level X, starting from a level X(. This information can be computed,
through a suited algorithm for various combinations of X and X at once, as maps of any statistical moment
of FPT and even as Probability Density Functions (PDFs) of FPT. In this paper, by comparing a reference
case and three damaged cases of a simple structure, it has been observed and validated that the PDFs of FPT
are significantly different while the natural frequencies show no or slight difference. Therefore, the FPT
can capture slight structural behavioral changes and then becomes a promising useful tool for early damage
detection.

1 Introduction

The mathematical concept of First Passage Time (FPT) applied to signal processing is defined as the time
required for a signal to reach a target level X, starting from a level Xj. Computing the FPT for varying
values of Xy and Xy provides an FPT map. For systems subject to stochastic input or governed by random
parameters, the FPT is a random variable. The map therefore represents any statistical information about
the FPT such as the cumulants [1, 2] or even the whole probability distribution. The map of the PDF of
the FPT is a collection of Probability Density Functions (PDF) of the FPT for various combinations of X
and X ;. These maps provide insightful information about the studied system, as recently illustrated with
tower cranes subjected to turbulent wind [3], generic systems described by the Mathieu equation [1], or a
pre-stressed steel strip [4, 5].

A novel algorithm has been developed to efficiently compute such FPT maps [6]. This algorithm only goes
through the whole signal once and realizes online statistical evaluation of the FPT. These two aspects make
it faster and require less storage than in its previous versions [3, 5]. The new algorithm is also capable of
computing the PDF of the FPT, which was not available before, and provides, therefore, richer informa-
tion. Moreover, the algorithm has been validated numerically using well-known stochastic processes such
as the Ornstein-Ulhenbeck process and the Geometric Brownian Motion. The advantage of these theoretical
stochastic processes is that analytic solutions of their FPT cumulants and their PDFs exist.

The purpose of this work is to use the FPT algorithm in order to detect slight structural modifications of a
pre-stressed steel strip [4, 5]. First of all, the experimental setup is shown and explained. Then, the results
are analyzed. The PSDs are drawn in order to get a frequency which is used by current damage detection



Table 1: (a) Geometrical properties of the structure and (b) Material properties of the carbon steel structure

(a) (b)

’ Parameter ‘ Value ‘ Units ‘ ’ Parameter ‘ Value ‘ Units ‘
Length 501 mm Density 7767 | kg/m3
Width 25 mm Young’s modulus | 206 GPa

Thickness 04 mm Poisson’s ratio 0.33 [-]
Hanging mass | 1.816 | kg

methods by comparing a reference state and a damaged state. Next, the FPT algorithm computes the average
FPT maps and the STD of FPT maps. Finally, the PDFs of FPT are obtained and superimposed to detect
discrepancies between the reference case and the damaged cases.

2 Materials and methods

All experimental tests are carried out at the LTAS-Vibrations et Identification des structures (LTAS-VIS)
laboratory unit of the Department of Aerospace and Mechanical Engineering at the University of Liege. The
experimental specimen is the same pre-stressed steel strip as in [4]. The geometrical and material properties
of the structure are given in Tables 1(a) and 1(b). Two electrodynamic vibration shakers are mounted and
shown in Figure 1(a). Only the horizontal shaker that causes a forced excitation will be used. Moreover, one
impedance head is placed on the shaker to measure the acceleration and the force at these two locations. The
strip is clamped on both sides and prestressed by a hanging mass at its bottom side just above the vertical
shaker. A Polytec MSA-400 OFV-552 laser transducer measures the velocity of the strip at point P3, see
Figure 1(b).

To modify the structural properties of the strip a small neodymium cubic magnet is used. This magnet can
be seen in Figure 1(c). The side length of this magnet is Smm and its weight is 0.95g. Its ID article is
W-05-N50-G from supermagnete [7]. Three different locations for the magnet have been used in order to
identify three damage levels applied on the strip. These three locations are written P; with ¢ = 1,2 or3 and
are shown in Figure 1(b).

3 Results and discussion

The different results have been obtained by using a narrow-band signal input whose PSD is constant in
[0.9f0; 1.1fp], where fo = 39.25Hz is the frequency of the second bending mode. Before analyzing the
results obtained with the FPTs, the PSDs of the normalized velocity at point P3 are drawn in Figure 2 when
the magnet is at three different locations P;. This normalization is simply the signal divided by its STD.
These PSDs are compared to the PSD of the reference state when no magnet is put on the strip. It can be
seen that the PSDs when the magnet is at points P; and Ps are close to the PSD of the reference state. The
shape of these PSDs is nearly superimposed and no major difference can be observed easily. However, a clear
distinction can be made when the magnet is at point P3. Indeed, even the measured value of the frequency is
different and is equal to 38.19Hz, which represents a difference of 2.7% compared to the reference frequency
fo (39.25Hz). Therefore, this damaged case is chosen and it is shown next that the FPT-based detection
algorithm is capable of similar default detection performances.

One major advantage of the FPT algorithm is its ability to dissociate the fast dynamical response from the low
dynamical response as explained in [1, 2] where three different regimes have been identified on FPT maps
for the stochastic Mathieu equation. Therefore, the envelope of the velocity is used by this algorithm. This
envelope is obtained based on the Hilbert transform [8]. The Hilbert transform of a real narrow-band signal
V (t) is written V (t) and is the convolution between V (¢) and the impulse response function h(t) = =,
The signal V(¢) is also real. It can be demonstrated that V() and V/(t) are uncorrelated for a given time ¢.
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Figure 1: (a) Experimental setup side view, (b) Experimental setup front view and (c) Cubic magnet
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Figure 2: PSDs of the normalized velocity: Comparison between the PSD of the reference case and the PSD
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Figure 3: (a) Average FPT map of the reference case, (b) Average FPT map of the damaged case when the
magnet is at point P3, (c) STD of FPT map of the reference case and (d) STD of FPT map of the damaged
case when the magnet is at point P53

Hence, V() and V(t) are independent random variables for a given time ¢. The equation of the envelope
X (t) defined by Cramer and Leadbetter is given by Equation (1).

X(t) = |V2(t) + VQ(t)} i (1)

In this paper, we compute the FPT of X (¢) only. The average FPT maps and the STD of FPT maps given by
the algorithm are drawn in Figure 3. Figure 3(a) represents the average FPT map of the reference case and
Figure 3(b) is the average FPT map when the magnet is at point Ps. Two regions are defined on these maps.
Region A shows a very high average FPT with a sharp increase for a small increment of X ; while region B
is wider and contains a smaller average FPT. By comparing Figure 3(a) and Figure 3(b) side by side, some
differences can be observed based on the intersection locations between the contour lines and the grid. In
region B, these variations are slightly visible while in region A the distinction is more obvious especially
just below the top border. Indeed, due to the minor structural modification caused by the magnet at Point
P3, high values of X, detect small modifications in the signal more easily. Hence, the average FPT is more
sensitive to slight structural response changes in Region A than in Region B.

A similar discussion can be hold for Figures 3(c) and 3(d), which represent the STD of FPT in the reference
case and in the damaged case when the magnet is at point P3, respectively.

The information computed by the FPT algorithm is richer than only the frequency obtained from PSDs.
Instead of focusing the analysis only on statistical moments of FPT, it is also possible to get more detailed
information about FPTs by drawing their PDFs. These PDFs can be computed for each set of { X, X¢}. To
determine the best combinations of { X, X}, the number of occurrences plays a major role in the quality
of estimated PDFs. In Figure 4, the occurrences for all { X, X} are shown for the reference case (Figure
4(a)) and for the damaged case when the magnet is at point P3 (Figure 4(b)). In these two Figures, it can be
seen that the maximum of occurrence is around Xy = 1. Indeed, because each signal of velocity has first
been normalized by its STD, most of the points of its envelope are located around the value 1. Based on this
observation, four PDFs {I, I, IIL, IV} will be computed at four different locations that can be seen in Figure
4.
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Figure 4: Occurrence of FPT map: (a) reference case and (b) damaged case when the magnet is at point Pg

In Figure 5, the PDFs of FPT at point I are shown for the reference case and the damaged case when the
magnet is at point P3. The PDFs in dotted lines are computed for one test of twenty minutes. The number
of tests in each configuration is three. The two solid lines represent the PDFs by taking into account all
FPTs of these three tests. Therefore, these solid lines can be seen as an average PDF for each case. These
PDFs show the richness of the information computed by the FPT algorithm. Indeed, the PDFs are bimodal.
The two peaks are visible thanks to the logarithmic scale of the x-axis. The order of magnitude separating
these two peaks is around 1. This shape can be explained based on the behavior of the envelope. Once
the level Xg = 0.96 has been reached by the signal, if the envelope is growing, a short time is required to
reach the level Xy = 1.02. However, if the envelope is dropping, the time required before reaching the level
Xy = 1.02 is much higher, at least one order of magnitude. Indeed, if the envelope is lower than Xy = 0.96
then it oscillates during a long time before finally reaching the level Xy = 1.02. Despite this interesting
bimodal behavior, no significant difference is observed between the two distributions of FPT in the reference
and damaged cases.

In Figure 6, the PDFs of FPT for points I, III, and IV are shown. In Figures 6(a) and 6(b), no clear distinction
can be made between the reference case and the damaged case when the magnet is at point Ps. Indeed, as
mentioned previously, these PDFs are located in Region B. Some slight differences appear in this region by
comparing the average FPT maps and the STD of FPT maps in Figure 3 but no major change can be deduced
from the PDF shape. However, there is an obvious discrepancy between the reference case and the damaged
case in Figure 6(c) which is located just below the top border of Region A. The PDF shape in the damage
configuration is much tighter which results in a higher peak. Moreover, the location of the peaks of the
reference case and of the damaged case is different.

In order to validate these observations, the absolute differences of the average m, the STD &, the skewness
+3 and the kurtosis 74 of FPT have been used as indicators. The goal of these indicators is to detect if
the difference between the statistical moments of FPT in the reference case and in the damaged case is
significant or not. Each test has been repeated three times for each configuration. Therefore, there are three
experimental measures of each statistical moment of FPT. The null hypothesis is the equivalence in the
distribution of each statistical moment. In other words, it means that the distribution of average FPT, for
example, in the reference case is identical to the distribution of means of FPT in the damaged case. Hence,
it is supposed that the average and the STDs of the statistical moments of FPT in the reference case are
equal to the average and the STDs of the statistical moments of FPT in the damaged case respectively. The
distribution of these differences for each statistical moment is supposed Normal whose mean is equal to zero
and whose STD is v/20 with ¢ the STD of the statistical moments of FTP. Therefore, the null hypothesis is
either accepted (A) if the p-values of the absolute differences of the statistical moments in the reference case
and in the damaged case are greater than o« = 0.05 or rejected (R).

In Table 2, the p-values are listed. It can be observed that 3 and 4 reject the null hypothesis at point IV.
These indicators confirm that there is a discrepancy between the PDF of the reference and the PDF of the the
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Figure 5: PDFs of FPT when Xy = 0.96 and Xy = 1.02 (point I) for the reference case and the damaged
case
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Figure 6: PDFs of FPT when the magnet is at point P3: (a) at point IT ((Xo, X ¢) = (0.96,1.85)), (b) at point
I ((Xo, X;) = (0.96,2.44)) and (c) at point IV ((Xo, Xf) = (0.96,3.03))
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Figure 7: PDFs of FPT at point IV ((Xo, Xf) = (0.96, 3.03)) when the magnet is at points (a) P and (b) P».

Table 2: P-values of the equivalence test for the absolute differences of statistical moments of FPT at points
IL, III, and IV and for o = 0.05

[ m |5 | B | 7]
I | 4.649410 %(R) | 0.0383(R) | 0.3659(A) | 0.3395(A)
I | 0.8017(A) | 0.9231(A) | 0.5698(A) | 0.4624(A)
IV | 0.1135(A) | 0.3831(A) | 2.2254 10 %(R) | 0.0058(R)

damaged case at point I'V.

To determine whether two PDFs are equivalent or not, a more robust test can be done: the Kolmogorov-
Smirnov (KS) test. In this case, the null hypothesis is that the two distributions are continuous and equal
to each other. If the p-value obtained by the KS test is greater than o = 0.05 then the null hypothesis is
accepted (A) otherwise, the null hypothesis is rejected (R). The p-values of the KS test are provided in Table
3 for each damaged case P;. It can be seen that for each damaged case, the KS test rejects the null hypothesis
at location I'V. Even if the PSDs do not show a major difference between the reference case and the damaged
cases when the magnet is at points P; and P, the PDFs of FPT can capture slight structural behavioral
modifications and therefore, they are a better indicator for early damage detection.

In Figure 7, the PDFs of FPT at point IV when the magnet is at points P; and Py are compared. A slight
variation of the peak shape can be observed in Figure 7(a) while the peak location and the peak shape are
distinctive in Figure 7(b) between the reference case and the damaged case. These observations support the
results obtained by the KS test.

Table 3: P-values of the Kolmogorov-Smirnov test at points II, III, and IV when the magnet is at points Py,
Py, P3 and o = 0.05

L P Py | Py |
II | 0.5897(A) | 3.8643107°(R) | 2.3482107%(R)
I | 0.0171(R) | 1.582210~ ' (R) 0.1046(A)

IV | 0.0423(R) | 7.402010723(R) | 2.491510?%(R)




4 Conclusion

For the first time FPT maps have been applied to detect damage on a structure. The damage has been
simulated by adding a small magnet to the test specimen. It has been placed at three different locations, P;
with ¢ = {1, 2, 3}, to simulate various levels of damage. The velocity of the structure has been measured
and its PSD has been computed for four different configurations: one reference case and the three damaged
cases. No major difference on PSDs was observed for the first two locations P; compared to the reference
case.

By applying the Hilbert transform, the envelope of the measured velocity has been determined. Its FPT maps
have been computed. In particular, the average FPT maps and the STD of FPT maps of the reference case
and of the worst damaged case (when the magnet is at point P3) have been compared. Two distinct regions
have been defined: region A where the computed FPTs sharply increase for a small increment of Xy and
region B where FPT values vary more smoothly. Visual insception reveals obvious differences in region
A between the contours of the FTP maps obtained for the reference case and the damaged case. The FPT
algorithm also returns PDFs of FPT for a chosen set { X, X¢}. Based on the occurrence map, it has been
decided to compute four PDFs of FPT at locations I, II, III, and IV around Xy = 1, where the number of
occurrences is maximum. It has been observed that the PDFs of FPT possess various shapes among which a
bimodal shape at the location I. As expected, no significant difference has been observed for PDFs of FPT at
locations II and III because these PDFs are located inside region B. However, a large discrepancy has been
shown by comparing the PDFs of FPT of the reference case and the damaged case at point IV. To support
this observation, an equivalence test and a Kolmogorov-Smirnov test have been made. These tests have
confirmed that the PDFs of FPT were different at point IV.

This analysis has been extended to the other two damaged cases when the magnet is at points P; and Ps.
It follows that the PDFs of FPT at point IV are distinctive between the reference case and all damaged
cases. This observation is remarkable in the sense that the damage would certainly not be detected based on
traditional methods relying on changes in modal properties (in this case, the relative change of the natural
frequency is only 0.15%). The more acute ability to detect changes is attributable to the fact that the proposed
method provides much richer information, a complete map of statistics, or a set of FPT distributions, rather
than a single scalar, obtained as the natural frequency of the (possibly damaged) structure. The method
therefore becomes useful and very promising for early damage detection.

The next step will consist of studying whether the method can be extended to identify the location and
magnitude of structural changes, based on the observation of the FPT maps only. Completion of these direct
and indirect tasks will offer new perspectives on structural health monitoring based on FPT maps and the
PDFs of FPT.
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