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Fig. 1. Diagram of the acoustic wave propagation path: (a) Sound wave propagation in a single-layer structure; (b) sound wave

propagation in a multi-layer structure.
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Table 1. Material parameters of each layer of bal-

lastless track.
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Fig. 3. Two-dimensional finite element simulation model.
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(a) t =59 ps; (b) ¢ = 124 ps; (¢) ¢ = 210 ps; (d) ¢ = 243 ps

Fig. 4. Transient sound field distribution: (a) ¢t = 59 ps; (b) ¢ = 124 ps; (c) ¢t = 210 ps; (d) ¢ = 243 ps.
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Fig. 5. Processing of the received signal in the simulation model: (a) Defect signal; (b) healthy signal; (c) scattered signal.
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Fig. 6. Comparison of DAS imaging before and after surface wave suppression: (a) Before surface wave suppression; (b) after sur-

face wave suppression.
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Fig. 7. Comparison of simulation imaging results: (a)-(c) Ultrasonic images; (d)—(f) lateral intensity profiles; (g)—(i) longitudinal in-

tensity profiles.
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Table 3. Accuracy comparison of simulation imaging res-
ults.
F ESMH/mm  KIME/mm 222 /mm
DAS 373.0 73.0
BRSNS RMS 300 337.0 37.0
SRMS 299.0 1.0
DAS 232.0 2.0
GUmEN.  RMS 230 222.5 75
SRMS 229.0 1.0

MR ELR 4T, SRMS Jy i 1 Xt 7
Yt m o A AT A E NP, 7RISR B R S
114 [T S 25 T M P 5 S5 T 2 i L A
S Y(EPRME 2 TR bR E S A TR
PE, 75 H AR KIS T S AR, mixt 3R AH T 25 14
HEATAN R, MRS T IR 7 8 1) b A i i A
PETET UGS B e M RE R I L, SRMS Hik
T A 53 15 O R B AR AR 22 )23 o E e I 2248 1
RE 1A 3LRh L, ARG HRAE 0] T [l
PRk b i B2 5 | Pl 1] B i i . o) Jok v . 285
ViR 3 I A, A A R e B ) S O
S, A ROEE TN IR, ST T R G )
Oy HER UL BN 22 RS L

DAS, RMS, SRMS J7 ik B (5 25 R pERe Xt
F LR 8, o iR a5 SR E v iy CR 405118 27.99,

151001-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 15 (2026)

151001

26.07, 32.26 dB, CNR 435~ 11.80, 11.69, 16.69
dB, pSNR 435k 24.26, 23.52, 41.71 dB. %45
REERH] SRMS Jrik# DAS 7ik5 RMS Fik
7t CR, CNR, pSNR =4~ ¥ A AT, H
H SRMS 77 4E pSNR J7 Tl B 3 T e b i . X
FZ ke o i A R R S R T SR
P, AR R I 2 B i LA 5, M e T
R S5 A6 10 2= 5 7 1) AR BT ot

P EEZE R, SRMS Jrikiad e Rdh(E s
(5 SRaE M, SEBINT #5308 18 [ A5 5 0 1 3 b
HR SR 2O AR RSB IR AR E I
P 22 9 AT b, 38 2k 0 32 R v 1 R 4, R T
T RGN oy HER S I e AR R R, 7T
HE U TE &5 44 T J2 i 6 1) B A5 I S 2 T R 22 A
BAGHRE B $2 T T R Bl 4T, Y948 T4 458 DAS Ml
RMS Jrik.

4 5L I
4.1 R

A SCAR P Ak 1% TR R - 45 M T R PR 8
{5) (TB 10005—2010) B ML E, 7E L2 h
AT CHEBIERIRL, 4018 9(a), (b) B, IFHAE

BEREE 2 2556 3 2 M A A RE TRKE N
300 mm, J5B 4 30 mm AYBEZ BEE. i TR
T Yol 7 U R, IR Y L R D A
) ¥ B U R 4t v Bk s 3 Y E 7, PRI O S ik
50 kHz AT A A5 5, 2 R e B AR
UE AR 0% 25375 DR B )[R B, et 1 kel R fE. RAH
ACSYS 23 Al A= 7= i) MIRA-A1040 1R % 1 W )2 8
7 AGAE AT B R A A 48 T s i
KBTI AL AR, HESI R 12 HEx4 51, Horh g
HER) 4 G ISR Bl — A7 EE et 12 438
1. TEFAR A R PR A, 12 38 18 W P 4
ERE A 144 AMESXF. SR, IRARR S R %
WA G R B M A I E S S R
JG § BT BWNTE S E NS T HA R R
PR AR B T = fA 3R o I T IO, [RIR, XF
T 50 kHz X FERIRRE AR RE A%, & A iR
R FERY 12 X ot 2 22 ISk I B i) 7
FEAERR B ZRTHH X, 38 5 TCTE SR ICA 3 IR 2 )
FHET. BT LIRS, 2SS TER LR H 3
SR T IR E S G5 X 5 REMAR B & B
5%, IR T 155 X HERE B ™48 b =&k X
66 /A7 {55 XA B T A B AR R R, O
SERLR R T 144 WIE RS FLAE T 2 RE R

35 32.26 8 16.69 i I
(a) — 16 L) = 101 —
30 F 27.99
— 26.07 14 F 35+
25+ ol 11.80  11.69 30l
m m
g 20 - 3 10} § o5 1 2426 23.52
o«
& st g st Z 20)
© 6t 215t
10}
4+ 10 F
51 2t 51
0 1 1 1 0 1 1 1 0 1 1 1
DAS RMS SRMS DAS RMS SRMS DAS RMS SRMS

K8 D7 FURAR G5 S RE X HE AR 1A

(a) CR; (b) CNR; (c) pSNR

Fig. 8. Bar chart comparing the performance of simulation imaging results: (a) CR; (b) CNR; (c) pSNR.
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Fig. 9. Experimental system: (a) Ballastless track model diagram; (b) ballastless track dimensional schematic.
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Fig. 10. Comparison of signal before and after surface wave suppression: (a) Before surface wave suppression; (b) after surface wave

suppression.
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Fig. 11. Comparison of DAS imaging before and after surface wave suppression: (a) Before surface wave suppression; (b) after

surface wave suppression.
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Fig. 12. Comparison of signal before and after filtering processing: (a) Before filtering processing; (b) after filtering processing.
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Table 4.  Accuracy comparison of experimental
imaging results.

ik HIME/mm KIE/mm 22 /mm

DAS 435.5 135.5

MRS RMS 300 399.5 99.5
SRMS 294.0 6.0
DAS 232.5 2.5
WIaEN, RMS 230 222.0 8.0
SRMS 229.5 0.5
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Fig. 13. Comparison of experimental imaging results: (a)—(c) Ultrasonic images; (d)—(f) lateral intensity profiles; (g)—(i) longitudinal

intensity profiles.
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Fig. 14. Bar chart comparing the performance of experimental imaging results: (a) CR; (b) CNR; (c) pSNR.
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Abstract

Concrete is widely utilized in engineering due to its stability, durability, and moldability. Among various

forms, layered concrete structures are extensively employed in critical infrastructure owing to their clear

functional zoning and construction convenience. However, such structures are often susceptible to delamination

defects during service under external loads and complex environmental conditions, significantly compromising

structural safety and durability. To address the issues of inaccurate localization and poor imaging quality in

151001-13
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existing ultrasonic imaging of delamination defects, this paper proposes an ultrasonic imaging method based
on statistical-feature root-mean-square (SRMS). This method integrates an adaptive statistical weighting
mechanism, optimizing the focusing quality of ultrasonic images and the representation of defect echoes from
the dual dimensions of propagation time-delay and channel weighting. It not only employs a root-mean-square
(RMS) velocity model to calculate the equivalent acoustic velocity to improve localization accuracy, but also
quantifies the coherent stability of local signals, thereby effectively suppressing lateral and axial energy
divergence in the target region. Simulations and experimental validations on delamination defects in ballastless
tracks demonstrate that the SRMS method achieves detection errors as low as 6.0 mm and 0.5 mm in the
lateral dimension and longitudinal localization, respectively. Compared with the traditional delay-and-sum
(DAS) and RMS methods, the lateral detection errors are reduced by 129.5 mm and 93.5 mm, while the
longitudinal localization errors are reduced by 2.0 mm and 7.5 mm. Furthermore, this method effectively
compresses the longitudinal main-lobe width to 37.5 mm, achieving reductions of 17.5 mm and 16.5 mm
compared with the DAS and RMS methods, respectively. In terms of imaging quality, because defect echoes are
significantly enhanced and background noise is effectively attenuated during the superposition process, the
contrast ratio (CR), contrast-to-noise ratio (CNR), and peak signal-to-noise ratio (pSNR) of the SRMS method
reach 17.75 dB, 15.95 dB, and 56.23 dB, respectively. These metrics represent enhancements of 29%, 18%, and
164% over the DAS method, and 25%, 15%, and 173% over the RMS method. The proposed SRMS method not
only improves the detection accuracy of delamination defects in layered concrete structures but also enhances

imaging quality in complex environments.

Excitation signal ~ remmeo oo,

Ballastless track model
——

E——

Track slab

Received signal
Length Positioning  Longitudinal
accuracy accuracy broadening

|

IRERNRRENE!

~N""

Mortar layer |

Support layer

Keywords: ultrasonic inspection, statistical-feature root-mean-square, layered structure, delamination defect

DOI: 10.7498 /aps.75.20260250 CSTR: 32037.14.aps.75.20260250

* Project supported by the National Natural Science Foundation of China (Grant Nos. 12474457, 12374443).
1 Corresponding author. E-mail: huizhang@sues.edu.cn
1 Corresponding author. E-mail: hyzh@shu.edu.cn

11 Corresponding author. E-mail: xiaoaw@snpsc.com

151001-14


http://doi.org/10.7498/aps.75.20260250
https://cstr.cn/32037.14.aps.75.20260250
mailto:huizhang@sues.edu.cn
mailto:huizhang@sues.edu.cn
mailto:hyzh@shu.edu.cn
mailto:hyzh@shu.edu.cn
mailto:xiaoaw@snpsc.com
mailto:xiaoaw@snpsc.com
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

T GTHRHES 75 R ) 2 RV B - 4t R s i 7 B
XN THE OKE RER BPE HEKX
Ultrasonic imaging of delamination defects in layered concrete structures based on statistical-feature root—mean—

square

LIU Dingjia  ZHANG Hui  ZHANG Haiyan = MIAO Zhonghua  XIAO Aiwu

5] Fi{i5 &, Citation: Acta Physica Sinica, 75, 151001 (2026) DOI: 10.7498/aps.75.20260250
CSTR: 32037.14.aps.75.20260250

TELERE View online: https:/doi.org/10.7498/aps.75.20260250

BN 2 View table of contents: http://wulixb.iphy.ac.cn

AT RE RSB HAN S R

Articles you may be interested in

RIS FHBURS HE A5 A4 RS R e A5 15 B4 51 P AR
Thinned array ultrasonic imaging of debonding defects in discontinuous impedance bonded structures

YrP2EAR . 2023, 72(2): 024302 https://doi.org/10.7498/aps.72.20221771

RRRI, Sb S KL 5 S Akt PEAE R
Preparation and thermoelectric properties of layered Bij Sh_Se nanocrystalline films

YIBR2A4R. 2022, 71(19): 197301 hitps:/doi.org/10.7498/aps.71.20220834

B LT O i B S B AR A e P AR LT R8 IUR
Ultrasonic phase shift migration imaging of wrinkled defects in composite materials fused with circular statistical vectors

YrHE2E 4. 2024, 73(17): 174301 https://doi.org/10.7498/aps.73.202407 14

BET AU 22 I 4 1) 1 bt ke s 7 0
Ultrasonic detection of white etching defect based on convolution neural network

WIBEAEA. 2022, 71(24): 244301 https://doi.org/10.7498/aps.71.20221504

T B i) 0 R P RO AR RO Aok ]SRN RO i

Efficient grain size evaluation based on single direction measurement of ultrasonic backscattering coefficient

Y27, 2024, 73(7): 074301 https://doi.org/10.7498/aps.73.20231959

ARERIE L A 75 E A
Size quantification of non—spherical bubbles by ultrasound

PPz 2023, 72(3): 034301 https://doi.org/10.7498/aps.72.20222074


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.75.20260250
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20221771
https://doi.org/10.7498/aps.72.20221771
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20220834
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20220834
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20220834
https://doi.org/10.7498/aps.71.20220834
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240714
https://doi.org/10.7498/aps.73.20240714
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20221504
https://doi.org/10.7498/aps.71.20221504
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231959
https://doi.org/10.7498/aps.73.20231959
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20222074
https://doi.org/10.7498/aps.72.20222074

	1 引　言
	2 成像方法
	2.1 DAS成像方法
	2.2 RMS成像方法
	2.3 SRMS成像方法
	2.4 评价指标

	3 仿　真
	3.1 有限元模型
	3.2 瞬态声场
	3.3 信号预处理
	3.4 仿真结果分析

	4 实　验
	4.1 实验系统
	4.2 信号预处理
	4.3 实验结果分析

	5 结　论
	参考文献

