Supplement A – Properties of the symmetric modes in the pipe



Equations (6a) and (9b) are used to analyze the dispersive property in terms of phase and group velocities with respect to the longitudinal and torsional modes. Akin to two-dimensional plate guided waves (Lamb waves), the pipe waves also have complex propagation coefficient k which can only be determined numerically [s1]. A derivative-free method (Nelder-Mead) was adopted to determine the complex k. As shown in Fig. s1, focusing on low frequency range (), the L(0,2) mode has higher velocities and nearly non-dispersive property for . On the other hand, the T(0,1) mode is non-dispersive in the whole frequency range. At the targeting 70 kHz, the group velocities for the different modes are 2637 m/s (L(0,1)), 5347 m/s (L(0,2)) and 3194 m/s (T(0,1)) respectively [s2].

[image: 图表, 折线图
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Figure s1. Dispersion of the symmetric modes in the pipe for frequency range 0-100 kHz: (a) phase velocity, (b) group velocity
Figure s2 shows the amplitude of the stress components with respect to the three guided wave modes at the targeting 70 kHz. All the results were numerically calculated using the stress-strain constitutive equations Eq. (a1) in the cylindrical coordinate after the complex propagation coefficients were settled. It is clear that the axial stress component is dominant for the 2nd longitudinal mode, with 3-order of magnitude larger. So the 2nd-longitudinal mode is mainly generated as a result of axial dynamic loading. For the torsional mode, the axial-azimuthal shear z is the main component.
[image: E:\宦惠庭\学习资料\工作\科研项目\超声测量\Figure s2.tif]
Figure s2. Normalized amplitude of each stress tensor with respect to (a) L(0,l) mode, (b) L(0,2) mode, (c) T(0,1) mode
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Supplement B – Finite element modeling

Three-dimensional finite element method is a very accurate and effective way of evaluating guided wave propagation in a waveguide. In this study, the geometry of the target pipe was established in Comsol Multiphysics® 5.3 as shown in Fig. s3. The stainless-steel pipe section is 2-m long. Both Crack A and Crack B were modeled with 2 mm width. The cross-section planes on both ends Sin and Sout refer to the incident and outgoing planes with respect to the guided waves. 
[image: ]
Figure s3. Geometry of the pipe
Governing equation(s) – Linear elastic theory (Hooke’s Law) with the absence of body load:

                    (s1)
where u and s are the displacement vector and stress tensor respectively in a cylindrical coordinate.
Boundary condition(s) – A pulsed load was applied at Sin in the form of

         (s2)





where is the load amplitude,  is the frequency of the ultrasonic pulse, N is the cycle of the Hanning windowed pulse, rect(*) is a rectangular function. For the analysis of 1st longitudinal, 2nd longitudinal and torsional modes, we can respectively set ,  and  equal to Eq. (s2) in the model. Since it is practically impossible to implement analysis with respect to an infinite-length pipe, the outgoing plane Sout was set as low-reflecting condition:

                     (s3)
This allows the incident waves exit the model with lowest boundary reflection for both longitudinal and transverse wave. All the other boundaries (internal and external cylindrical surface) were stress-free.
3D Geometric discretization and calculation – In order to achieve high accuracy, the resolution of discretization ought to be high enough. In this case, the geometry was discretized with tetrahedral elements, the maximum edge length for these elements were set as 1 mm, far smaller (around 1/80) than the wavelength. For the crack surface, the resolution was refined to 0.5 mm maximum to ensure an accurate numerical reflection modelling. Consider the governing equation has the form of wave equation, using a software embedded Generalized-a method achieved fast convergence, stable and accurate calculation. The time interval and span were set 1 μs and 1.2 ms.
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