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Fig. 1. (color online) Relative motion model of crack rough surface and crack plane: (a) Crack

damage zone; (b) relative motion model.
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Fig. 2. Crack breathing effect under the tension and

compression load of ultrasonic: (a) Crack closing un-
der the compressive loading; (b) crack openning under

the tension loading.
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Fig. 3. The equivalent elastic modulu E¢ of the dam-

age zone as the crack surface is not completely closed.
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Fig. 4. Finite element simulation modeling.
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Fig. 6. (color online) Comparison of signals before and
after ultrasonic wave passing through crack: (a) Time

domain signal; (b) frequency domain signal.
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angle on ultrasonic nonlinear effect: (a) Time domain

signal; (b) frequency domain signal.
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Modelling of multi-stage nonlinear interaction of
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Abstract

A multi-stage model of nonlinear interaction between micro-crack and ultrasound based on equivalent elastic modu-
lus is presented in this paper. In this model, the interface characteristics of micro-cracks at a micro-level and the relative
motion at a macro-level are unified into an elastic modulus of the mesoscopic element. The equivalent elastic modulus is
used to characterize the “stress-strain” of the damage region. Then piecewise function is used to describe the nonlinear
interaction between ultrasound and micro-crack. Finally, the wave equation is solved by the finite element simulation.
In this manner, the nonlinear interaction law between ultrasound and micro-crack is obtained, and the validity of the
model is verified. The simulation results also show that compared with bilinear stiffness model and contact surface
model, the multi-stage model can well reflect the distortion of the waveform in one period of ultrasonic wave passing
through the micro-crack. In addition, the influences of the crack angle, the crack length and the input amplitude on the
second harmonics generation and the third harmonics generation are analyzed. In the end, the comparison and analysis
of the experimental test and simulation calculations based on the proposed multi-stage model show that the proposed
multi-stage model and the experimental test can well reflect the second harmonic signal produced by the nonlinear in-
teraction of micro-crack and ultrasound, and the second harmonic amplitudes of the experimental test are basically the
same as the simulation calculations based on the proposed multi-stage model. Thus, the effectiveness of the proposed
multi-stage model is verified. The model provides a new simulation method to quantitatively detect the micro-crack by

ultrasonic nonlinear effect.
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