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Abstract: To address the limited imaging resolution and depth-quantification accuracy in the detection of hidden
defects within the rail head, an ultrasonic phased-array detection and imaging-optimization procedure for rail-head
defects is proposed. A two-dimensional acoustic-field model of the rail head is established in COMSOL to
investigate the influence of array parameters on the focused beam distribution and to optimize the probe-parameter
set. Inspection data are acquired using Full Matrix Capture (FMC) and reconstructed by the Total Focusing Method
(TFM), and an imaging-optimization strategy combining normalization-based denoising, the Hilbert transform, and
TF-PCF weighting is introduced. Experiments are conducted on a P60 rail test block with prefabricated flat-bottom-
hole defects in the rail head, and the results are validated by comparison with simulations. The results show that
improved imaging performance is obtained with 32 elements, an element-pitch-to-wavelength ratio of 0.5, an
element-width-to-pitch ratio below 0.5, and a steering angle not exceeding 45°. The optimized imaging suppresses
noise and artifacts and enables defect localization and quantitative measurement, with a hole-length error within 10%
and a depth error within 5%. This study provides a theoretical basis for high-resolution imaging and quantitative
evaluation of rail-head defects in ultrasonic phased-array inspection.
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Fig.1 Schematic of ultrasonic-wave refraction in a steel rail
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Fig.2 Schematic of ultrasonic-wave propagation in a steel rail
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Fig.3 Delay-time distribution of 32 array elements at different focusing depths
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Fig.4 Sound-field distributions with different numbers of elements
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Fig.5 Sound-field distribution with different element spacing
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Fig.6 Sound-field distribution with different element widths
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Fig.7 Sound-field distributions at different steering angles
1.3 PkSERESHE
1.3.1 BARHLH

7E COMSOL i fFH g7 3 0 HAET, 1 e T SR B & MR #: . % T ARSI R N

T [ A 45 4 o A SRR I, WOR PR 75 2B BT, DUBEAOSE K4 P9 35 75 TR B I TR R AL R . XL
e XN AR B, SR BB AR B bR TR BN IN 32 MR O MR A LLBOR R 75 A5 S AT A
MEIZHOTHE, PokEr BN Sk E Y 206GPa, AR A 0.33, BN 7 850kg/m’, IR HE
N 5792m/s. BN AR ERIUZ (PML) LA S, WM ARSI 5 AT B n s, Hop XIS
Bi, R RN RIC S E KGR, DARHIH R . PEkE MR 8 B .




IR AT R AR
Journal of East China Jiaotong University

8 ESKERPRIEELAE X 53 E

Fig.8 Mesh of the rail-head defect model
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Fig.9 Waveform of the excitation pulse
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Fig.10 Rail head detection signal diagram
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Fig.11 Schematic of Full Matrix Capture
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Fig.12 Schematic diagram of the Total Focusing Method
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Fig.13 Preliminary TFM images
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Fig.14 TFM images after artifact-pixel removal using different threshold values
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Fig.16 Comparison of TF-PCF weighted TFM images
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Fig.17 Rail test block with prefabricated defects
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Fig.18 Portable ultrasonic phased array inspection of the rail test block
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Fig.19 TFM image of a hole-type defect with a hole length of 10 mm in the rail head
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Fig.20 TFM images of hole-type defects in the rail head
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Fig.21 Simulated TFM images of hole-type defects in the rail head
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Fig.22 Sector-scan images of hole-type defects in the rail head
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Tab. 1 Detection results for the rail test block

M EAEE  SEBRRINEE  MIEEAIEE SERrEmE O WNERE ERIRER

LK (mm
& (mm) & (mm) BRZE %) & (mm) JE (mm) MRZE (%)
BREE 1 10 63 60. 24 4. 38 30 29. 75 0.83
GRIE 2 20 53 50. 48 4.75 30 28. 82 3.93
B 3 30 43 45. 24 5.21 30 29. 69 1.03
BRI 4 40 33 36. 07 9. 30 30 29. 42 1.93
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