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Abstract—Across multiple industries, metal fatigue damage is
one of the most common failure types, and it will induce great
loss if the fatigue damage cannot be detected in a timely manner.
To predict the fatigue life of metal structures under practical
service status, the fatigue test of metal materials is necessary.
Current fatigue tests only focus on the total number of cycles
before fatigue failure; however, the occurrence and expansion
speed of cracks have not been studied before. Therefore, in this
paper, based on the active sensing method, a feasibility study is
developed to make crack growth detection of standard metal
specimen during the fatigue testing. Two PZT patches are
bonded on both sides of the crack on a specimen, which is caused
by cyclic tension-compression loads. One patch works as the
actuator, and the other one is used as the sensor. Based on the
wavelet packet signal energy, a damage index is proposed to
quantify the received signals and then represent the degree of
crack width. The experimental results demonstrate that the
received signal wavelet package energy decreases monotonically
with enlarging crack width, and thus the effectiveness of the
proposed method is verified.
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I. INTRODUCTION

For engineering equipment, the loss caused by metal
fatigue failure is huge. For instance, fatigue leads to more than
half of mechanical failure cases [1], including bolted fracture,
bridge collapse, broken shaft in railway and aircraft
disintegration. Most metal constructions suffer repeated loads
during service process, and fatigue is the phenomenon that
structures crack locally and fracture completely under repeated
loads (i.e., alternating stress and strain [2]). To predict the
fatigue lifetime of metal constructions under practical use, the
fatigue tests of metal materials are essential, since we can
determine the fatigue curve and fatigue limit of metal materials
through the tests.

Current approach for metal fatigue testing is the stress up-
and-down method, which is mainly used to detect the random
behavior of fatigue strength of materials and structures in the
medium/long life period [3]. Under the set cyclic stress, the
testing will last to the specified number of cycles (107) or until
failure of specimen. However, the stress up-and-down method
only focuses on the total number of cycles before failure, rather
than the time of occurrence or expansion speed of cracks.
When the metal specimens suffer high-cycle fatigue stage,
most time of fatigue life is spent at the inception stage. On the
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contrary, the growth stage of cracks remains dominant over the
whole fatigue life [4]. Therefore, we can have better
understanding the damage law of metal materials and thus
prevent structural failure efficiently, if the relationship between
crack width and cycle numbers can be determined. At present,
proper selection of transducers and damage index for crack
detection is the main problem that we face to conduct
abovementioned investigations.

Lead Zirconate Titanate (PZT) is a common piezoelectric
ceramic material, has been used as transducers. PZT have some
attractive features, such as actuation [5] and sensing, wide
bandwidth, energy harvesting [6-9], communication [10, 11],
and generate guided waves [12, 13]. In recent years, with rapid
development of damage detection of metal structures, the
active sensing method [14, 15] based on piezoelectric
transducers has been used to monitor cracks in various
structures, such as the pipe [16] and the concrete [17, 18]. By
measuring the change of the wave propagation characteristics
(e.g., the signal energy attenuation), the active sensing method
can be applied to identify structural damage. For instance, the
detection of rock bolt [19-21], timber structures [22] and metal
plate structures [23] have been reported. However, the
potential of the active sensing method on fatigue crack
detection was overlooked, particularly, no investigation on
detection of cracks caused by repeated tension-compression
tests was reported before.

In this paper, a feasibility study is conducted to detect
fatigue crack width through the active sensing method. By
bonding two PZT patches, which worked as actuator and
sensor, on both sides of a surface crack on the specimen, we
verify that the micro-crack caused by fatigue testing can cause
signal energy attenuation. Additionally, considering the micro
size of the fatigue crack, we apply a surface profiler to measure
different crack widths. Then, based on the wavelet package
signal energy, a damage index is proposed to quantify the
received signal energy and then express corresponding crack
width. The experimental results demonstrated the effectiveness
of the active sensing method on fatigue crack width detection
quantitatively.

The rest of this paper is organized as follows. Section II
introduces the active sensing method and wavelet package for
stress wave energy calculation. Fatigue testing experiment is
described in Section III. Experiment data are shown and
discussed in Section IV. Concluding remarks are drawn in
Section V.



II. THEORETICAL BACKGROUND

A. Active sensing method

In this paper, the active sensing method is employed to
detect the fatigue crack width caused by repeated tension-
compression testing, and the schematic diagram is depicted in
Figure 1. Due to the piezoelectric effect and inverse
piezoelectric effect, the PZT patch can work as actuator and
sensor. As shown in Figure 1, two PZT patches are bonded on
both sides of a surface fatigue crack: PZT 1 works as actuator
to emit swept sine wave, and PZT 2 works as sensor to receive
stress wave signal. Ultrasonic wave has the reflection property
on the interface of different materials when propagating in the
medium. If a defect is encountered and the size of the defect is
equal to or greater than the wavelength of the ultrasonic wave,
the ultrasonic wave will reflect back on the defect. For fatigue
specimen, when there is a crack, the energy of received signal
decreases, since the stress wave reflects and interferes at the
crack, which attenuates signal energy. Moreover, with the
increase of the crack width, the received signal energy reduces
more severely.
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Fig.1. Schematic diagram of the active sensing method for fatigue crack width
detection

B. Wavelet package signal energy

To quantify the received signal energy, the wavelet
package method is employed in this paper, and thus a damage
index is developed. The wavelet package consists of linear
combination of typical wavelet functions, and it has abilities
such as orthogonality and time-frequent localizing. Therefore,
the wavelet package method has been widely used in
engineering analysis. Based on the wavelet package analysis,
the stress wave energy can be calculated as follows.

Conducting the wavelet package decomposition of the
received stress wave signal x(7) with j level, we can obtain

2/ wavelet package coefficients,

¢ (6= J‘_wx(t)l//;’k (t)dt (1)
where n0) is the wavelet package function, ¢ is the time,

i is the modulation parameter, j is the scale factor, k is
the translation parameter.

Subsequently, through reconstructing each wavelet package
coefficient, the corresponding wavelet package components of
original signal x(#) can be expressed as,

Y= (v, (0) 2

Finally, the stress wave energy can be calculated as the sum
of energy of each wavelet package component,

E= 22 [ x@rar (3)

III. EPERIMENTAL SETUP

In this paper, the repeated tension-compression testing is
conducted on a fatigue testing machine, and the testing
continued until visible crack appeared. As shown in Figure 2,
the specimen is designed and fabricated as a waist drum
structure according to standard ISO 1099:2006 and GB/T
3075-2008, and the crack generally appeared in the middle of
the specimen with minimum diameter. After clamping the
specimen on the fatigue testing machine, the axial sine load is
applied with 2 Hz, and the maximum tension and compression
are both 25 KN. When number of loading reached 119, 380,
we can find visible surface crack occurred at the smallest cross-
section with a direction perpendicular to the axis of specimen.
At this time, the length of crack is 3.5mm in the
circumferential direction, and we stop the testing.

Fig.2. Fatigue testing machine and applied load.

Additionally, to achieve and keep various fatigue crack
width in a stable state during the active sensing process, we
designed an assistant apparatus, as shown in Figure 3. After
fixing two ends of the specimen, we can rotate the bolt to apply
a bending moment on the specimen, and the crack will open
correspondingly. Thus, we can have different crack widths.
Additionally, the viscous-elastic material is placed between the
specimen and the assistant apparatus, to avoid influence caused
by wave propagation across the apparatus.
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In this paper, five levels of crack width are selected. Under

Fig.3. Assistant apparatus for crack extension.

each crack level, we first measure the crack width through the
surface profiler (Zegage Plus, Zygo, USA), as depicted in
Figure 4. Then, the experimental procedure followed the active
sensing method: (1) a swept sine wave (from 1 kHz to 100
kHz) with duration 1s and amplitude 1V is generated by a NI
multifunction DAQ device (USB-6363); (2) after amplifying
the wave signal fiftyfold (Trek Model 2100HF) to ensure
sufficient power, we excite PZT 1 through the amplified signal;
(3) the received signal is captured by PZT 2 after the stress
wave propagated across the crack. Finally, the received signal
energy can be calculated based on the wavelet package method
introduced in Section I1.B.

Fig.4. Experimental apparatus.

IV. RESULT AND DISCUSSION

As shown in Figure 5, the crack width was measured
through the Zygo surface profiler, and thus crack widths under
five levels are measured as 0.034mm, 0.05mm, 0.055mm,
0.06mm, and 0.064mm, respectively.

Fig.5. Measured crack width.

Then, the received signal under each crack width is given in
Figure 6 (a)-(e), and we can find that the amplitude of received
signal decreases with the increase of crack width.

(a) Crack width 0.034mm

(b) Crack width 0.05mm

(c) Crack width 0.055mm

(d) Crack width 0.06mm

(e) Crack width 0.064mm
Fig.6. Received signal.

Then, the signal energy is computed by using the wavelet
package method, and the result is shown in Figure 7.
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Fig.7. Received signal energy versus crack width.



We find that the energy decreases significantly as crack
width increase. This phenomenon can be attributed to the
change of contact area at the crack. As crack width increases,
the contact area at the cross-section decreases, which hampers
the wave propagation and thus attenuates more energy.
Therefore, the effectiveness of the proposed method is verified.

V. CONCLUSIONS

In this paper, the active sensing method was employed to
detect crack width of specimen after fatigue testing for the first
time. In addition, the wavelet package method was used to
quantify the energy of received signal. The results
demonstrated that the received signal energy decreased with
the increase of crack width. Therefore, we verified that the
active sensing method is capable of detecting fatigue crack,
and on-line monitoring of fatigue crack will be conducted in
future investigations. In addition, the effect of ultrasonic
wavelength on crack width and signal energy can be
considered and investigated in future studies.
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