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ABSTRACT

Rail health conditions are among the top concerns in the area of traimn safety. In
this study, a fiber optic monitoring system is developed to achieve ultrasonic guided
wave based rail crack detection. Although fiber Bragg grating (FBG) sensor is a well-
known suitable candidate for long-distance monitoring of rail, the sampling speed of
commercially available optic spectrum analyzers limits their application to uitrasonic
wavedetection. A high-speed FBG intlerferometric interrogation module is developed,
which constitutes the rail monitoring system in conjunction with an active wave
generation module and a sensing network. To find appropriate excitation frequency
and FBG dimension for ultrasonic guided wave generation and reception, dispersion
analysis of rail, a waveguide with complekx cross-section, is conducted to guide
subsequent design of damage detection experiment. The system and the crack
detection technique are then implemented on a long full-scale rail segment, by
deploying PZT (lead zirconate titanate) actuator and FBG sensor in pitch-catch and
pulse-echoconfigurations Artificial cracks in different lengths are introduced to the
rail. Frequency-domain analysis of the rail responses is'used to 1dentify the damage-
induced discrimination after direct observation of time-domain signals. Power spectral
density analysis of the purified signals, assisted by discrete wavelet filtering, leads to
the graphic presentation of rail integnity.”

INTRODUCTION

As subjected to very high and frequent service loads, rail suffers from fatigue and
excessive tensile stress, which make it prone to cracking. Undetected crack may lead
to the breakdown of rail signaling system, and further development of the crack may
cause catastrophic consequences such as derailment. Given such significance, its
health condition is thus among the top concerns for train safety.

Over past decades, both non-destructive evaluation (NDE) and structural health
monitoring (SHM) techniques have been advocated as preventative measures against
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the immense life and monetary loss resulting from rail damage. The most common
NDE techniques used for detecting rail defects are magnetic mduction tests [1] and
ultrasonic tests [2] Although playing a significant role in perceiving structural
anomalies, most of them can only be maneuvered offline for regular rail inspection at
a periodical interval. In this regard, Ultrasomic Guided Wave (UGW) based detection
techniques, benefiting from the superb characteristics of guided wave, including
convenience in actuation, high sensitivity to local discontinuities, low attenuation, and

strong penetration [3], can potentially circumvent the aforementioned insufficiency, -

realize continuous monitoring without the mterruption of iramn operation, and
meanwhile offer long-range interrogation capability [4-5]

Both insulated piezoelectric sensors and FBG sensors are suitable candidates
permanently deployed on rail tracks for UGW based online monitoring. Although
piezoelectric fransducers are extensively adopted because of their dual roles of
activating and receiving ultrasonic waves, large-range monitoring of a rail track by
densely distributed piezoelectric transducers becomes infeasible. Electric power is
required for each of the piezoelectric transducers, but the power supply is usually
unavailable along a rail line. In contrast, FBG sensors are characterized by excellent
multi-functionality and multiplexing capabilities. It combines several data streams in
separate time/frequency ranges from the same or different functions of FBG sensors
into one optic fiber, and thus avoids the disadvantage of piezoelectric sensor and
meanwhile facilitates the long-range monitoring of rail. Other characteristics of FBG
sensors, such as small size, light weight, immunity to electromagnetic interference,
and corrosion resistance, also make them deswable in rail condition monitoring
Despite that, its application to the UGW based long-range monitoring of rail is rarely
reported. The major challenge of applying FBG sensors to guided wave measurement
1s capturing local dynamic micro-strains with a low amplitude but an ultrasonic
frequency. Commercially available FBG optic spectrum analyzers (interrogators)
generally have a nominal sampling speed of only several kilo-Hertz. It is almost
impossible for them to acquire such high-speed strain change m micro-strain level and
meanwhile guarantee low noise level. |

In this mvestigation, an interrogation system enabling the detection of FBG
wavelength shift down to a few deci-picometers (pm) at a sampling rate of 1 MHz is
developed A PZT-FBG hybrid scheme is deployed herein for guided wave activation
and reception. It is implemented on a full-scale rail segment, by deploying two PZT
actuators and one FBG sensor in pitch-catch and pulse-echoe configurations. Such a
scheme intends to fully exploit the merits of PZT transducers and FBG sensors while
circumvents the disadvantages in the distributive deployment of PZT transducers. The
following sections 1n this paper report on the rail defect detection by using the hybrid
configuration and the developed interrogator prototype.

EXPERIMENTATION

Experimental system

Successful generation and acquisition of guided waves are key prerequisites for
damage detection. A full-scale rail test bed has been established, in which the 10 m
rail segment is equipped with a wave generation unit, an interrogator, and transducers
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for wave actuation and reception (Figures 1-2). The test bed is shown in Figures 1-2,
with Figure 2 illustrating the oplc/electric circulation between the devices. This
system, designed to accommodate ultrasonic guided wave detection with the use of
FBG sensors, features the following electric and optic components The excitation 1s a
tone burst of which the amplitude, number of cycles, and frequency are controllable
via the interface of wave generation unit. It is emitted from the PC-controlled wave
generation unit in a manner of periodic scans and then transmitted to a PZT actuator
after being amplified as high energy driving pulses. The initial version of this FBG
interrogation module has a sampling rate of 1 MHz and a noise level of -130
dB nm/\sz.The latter parameter means it can detect FBG wavelength shift down to
no more than 0 3 pm. Although the devised system supports only one FBG sensor at
that stage, the use of wave-division multiplexing technology potentially enables the
distributed monitoring of rail condition with FBG sensors.

High-speed interrogator Control system wave lifi

¢ PZTtransducer == FBGsensor 1 Defect

Figure 2 Schematic of the PZT-FBG experimental system

Transducers are deployed in an architecture that two PZT actuators are located at
both sides of one FBG sensor (Figure 3). While facilitating both pulse-echo (damage
is outside actuator-sensor path) and pitch-catch (damage is between an actuator and a
sensor) configurations, it also provides certain redundancy. For laboratory tests
reported in this study, the locations of the actuator, sensor, and crack are 1 m, 2 m, and
1.5 m respectively in pitch-catch configuration; their locations are 3 m, 2 m, and 1.5 m
respectively in pulse-echo configuration When a high-speed interrogator capable of
multiplexing to tens or hundreds of FBGs is available, a transducer placement scheme
based on even distribution can be adopted, in which every two adjacent transducers
are spaced at a fixed interval along the longitudinal direction of rail. For the field
application of rail defect identification, it is usually time-consuming and sometimes
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infeasible to design an optimal sensor placement architecture. An evenly distributed
placement method tends to achieve an effortless and general solution to practical
implementation.
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Figure 3. Actuator-sensor placement

Wave dispersion and attenuation analysis for experiment design

As the prototyped interrogator can support limited number of FBG sensor, the
dispersion and wave attenuation analyses were conducted by using PZT transducers.
Te improve measurement confidence, seven PZT transducers are distributed along the
railat 1, 2, 4, 5, 6, 8, and 9 m, with the transducer at 1 m as an actuator and others as
sensors. The dispersion characteristic was obtained by dividing the distance between
actuation and perception positions by the time difference between excitation and
received signals and then averaging all the quotients. By altering the excitation
frequency, the dispersion curve (1.e. wave velocity agamst frequency) is vielded
(Figure 4). In the low-frequency range, the wave velocily increases with frequency,
indicating remarkable dispersion characteristic. For the excilation frequency higher
than 70 kHz, group velocity becomes almost constant with little fluctuation, thus
almost non-dispersive We chose 90 kHz and 100 kHz as the center frequencies of
excitation tone bursts 1 laboratory tests. FBG sensors with their gratings customized
to cover 20-125 kHz and their coating and re-coating conducive to the good coupling
with ultrasomic wave were selected accordingly. In addition, to evaluate the wave
attenuation property, the amplitudes of first-arrival wave packages at different
measurement points are depicted in Figure 5. When propagating from 4 m to 9 m, it is
seen that the amplitudes of guided wave have very slight attenuation.
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Figure 4 Dispersion curve — velocity aganst frequency Figure 5 Insignificant attenuation of guded wave
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DATA ANALYSIS AND FEATURE EXTRACTION
Time-domain analysis

The excitation signal is tone burst composed of ten cycles of sinusoidal wave and
generated at a repetition rate of 10 per second. The sampling frequency is 1 MHz, and
the duration for data acquisition is 5 seconds. The typical responses induced by one
tone-burst excitation are depicted in Figures 6-7. Two artificial cracks, with 10 and 23
mm in length respectively, were introduced at the location of 1.5 m (Figure 3 (b)) by a
sharp abrasive cutting roller. Affected by the diameter of roller blade, the smaller
crack of 10 mm has a shallow extension at its two sides, and thus the total length
becomes approximately 15 mm; likewise, the bigger crack of 23 mm in length has an
extension of 1-2 mm. Differences between intact and damaged situations can be
observed in these responses though they are not evident. By making a comparison
between Figures 6 and 7, it is found that the pulse-echo configuration exhibits higher
sensitivity to damage than the pitch-catch configuration.

:: ]a H_ _ 'h'-ﬂc'sla‘e: ::_ —— Intact state
& 91F ﬁlnw\l gl __ o1l
E.: *“RV””WWMJU,[RJ%“ n,\;vm, M l ,p bt Em“ g_ojq “lﬁ“}i‘ikw)l\)”; [jial"(&hj:,jfﬂ(‘%“?'f”"" i l{a.li“i‘i"’ il

4 | il

[ 100 200 '?'53« Mig;) 500 600 700 0 200 49;"6 mse:)ﬂﬂ 800 1000

_ ::: l a[ | | —— Crack=10mm | :ﬂjg» ————— Crack=10mm -
ol Lo 15\|a. | ;
SR T TN B 1T T Jshg.m!!unll
5, (!p‘”m\ﬂ,éiwgl@*l" W'“Ft“"l"'ﬁ Vi' l?i‘& Vlﬁ'i"‘h C B gD Uly‘lill}‘*]nﬁ]'q‘, nu;‘ln'unlilx H lfﬂf,t|1lll'm[]lw]“

:: :u: 1 Hzou 300 400 s00 600 7-00 »:;En 00 400 [ - o

Time (usec) Time (usec)

o1 | i S —

5 b L’%F}IQ t '\fWWH W w Ji ] i!tElwp!gﬂt}‘E';ft;%ﬁhj;ﬂﬁ
£ “k”# AL “P , i ["Mi‘ﬁglnwmﬂgilgﬁ;ﬁ-ﬂf’
02k . . Ii; : e Tt -,

7 : S

* Time (uséc) e o Time O.I-SEC)
N N N ooty

Flgure 6. Acquured signals.via pltch—catch configuration: (a) left column for excitation frequency at 90
kHz; (b) right column for excitation frequency at 100 kHz.
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Figure 7. Acquired signals via pulse-echo configuration: (a) left column for excitation frequency at 90
kHz, (b) right column for excitation frequency at 100 kHz.

Frequency-domain analysis

The procedure for feature extraction and anomaly detection from the guided wave
signals is as follows. First, the raw signals were decomposed into multiple frequency
regions via discrete wavelet transform (DW'T), and the relevant level corresponding to
the excited frequency of 62.5-125 kHz was selected, filtering out the signals in other
frequency bands. Using a Daubechies wavelet, the raw wave signals were
decomposed into five levels corresponding to different frequency regions and the
signals in 62.5-125 kHz were extracted. Second, the power spectral density (PSD) of
the purified signal is estimated with the use of Welch’s method. It splits the signal into
overlapping segments, calculates the periodograms of the overlapping segments, and
averages the resultant periodograms to yield the PSD. The square roots of PSDs of the
purified signals are-shown in Figures ‘8-9. Obvious differences between intact and

1768



damaged conditions of rail can be observed in these spectral curves. Around the center
frequency (90 and 100 kHz), the spectral curves of intact rail show higher amplitudes
than those of damaged rail. With the increase in crack length, the-amplitudes decrease.
Although the signals excited by 90 kHz tone bursts exhibit higher amphtudes than -
those by 100 kHz tone bursts, the latter 1s found more sensitive to damage. Further, the
discrete integration of each PSD is- calculated for representing energy, and ratios
between the integrals are listed in Table I to quantitatively show differences between
damaged and intact situations of the rail. - ’

TABLE 1. COMPARISON BETWEEN DAMAGED AND INTACT SITUATIONS

Method Central frequency Ratio . Percentage

, . . 90 Kiz 10mm crack/intact: 97.5%

Pitch-catch 23min crack/intact 88.5%
160 KiIz 10min crack/intact: 76.9% .

23mm crack/intact. 71 2%

10mm crack/intact: 77 8%

Pulsc-ccho 20 kHz 23mm crack/mtact 70.6%

100 KHz 10mm crack/intact. 66.9%

23mm crack/intact’ . 61 3%
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Figure 8 Frequency-domain comparison (pitch-catch configuration). (a) left column for excitation
frequency at 90 kHz; and (b) right column for excitation frequency at 100 kHz.
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Figure 9 Frequency-domain comparison (pulse-echo configuration). (a) left columm for excitation
frequency at 90 kHz, and (b) right column for excitation frequency at 100 kHz
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CONCLUSIONS

A fiber optic based ultrasonic guided wave detection system has been developed
for rail crack detection, which embraces a controllable tone burst generator, a high-
speed interferometric FBG interrogator, and a hybrid PZT-FBG actuating-sensing
system. The dispersion characteristic of the rail segment was investigated, by which
the excitation frequency and FBG dimension were chosen for appropriate wave
generation and response perception. Experimental results showed that the propagation
of guided waves in a rail was significantly complicated in both pitch-catch and pulse-
echo configurations, and that time-domain signals evidenced insignificant differences
between intact and damaged situations of the rail. With the assistance of the wavelet
filtering technique, raw signals were purified for accentuating the information of
mnterest The frequency-domain features of guided waves were extracted from the
purified data by using the Welch’s power spectral density estimation method. This
approach provided better assessment performance than the time-domain analysis in
rail crack detection. ’
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