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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

1.2 RMS % 7%

f£ DAS 5k, HT b SARSRN (8] 173 ¢ dn o —ANREDEE, FFAEH

4



TZREN . EZRENT, HTREFERAEER, FRER SRR
() PRI AR IS T8) JC IR A T 5o BEXTX — R L, SR F 2575 (root-mean-square, RMS)
R PE MR TR 2 2 Gl A rh A A R IS TR], JE RDRE 2% 297 5T PR P ST 2 A
8y, BRAG NSRRI A AR, AT SE AR M R AE P A 22 R A R R AR A
Rtk B R T SE TR R

FERR G, Q)n] L.

c

ry.(x,z)z\/(x;;ci) +102(z)+\/w+702(z) 3)
KOH, o, (z):%%ﬂ?yﬂf‘iﬁ:i?ﬂﬁiﬁﬁﬁi P AE L — 7 [T R e 2 AL F I

8]
e 2 ZEMTE R FEEAEZESR, WE 1(b)FR, A E AL R
(B ] AR IR
ale)-( Tk @

K@, bRl SRR & ZMEERGEE, TA=z-) " h FREUE
PRIL-1ES LZAHNEEERE, o NHLZIFE. RIGETTRERLIE X,

% 2 G52 7 L R D

c (Z):\/(Zk-]cktk)+j—f)$:0)(z)_2k_ltk) (5)

KO)VF, 4 =hfe, Nk 2P TEERALRR . 3(4) Kb, =, AT

rms

(S)F, Ry G B P

e |+, Az
c,m(z):J(Z“ TO(Z); ©
SR LRI, 7595 05 % b ek T B A A

IS 1] 7,(2) A2 50 L /2 T ELAE RR IR B9 Az MR HY LSRR H, 726 20A AL

5



BIR R 2 1) S ] P R 5 R A Sk, G I 2R B R T 5 VA5 B P B A% 3k FA I )

[351,

T (12) =73 (2) 4, (3= ) +a (x=x) 4t ay, (x-x)” )

7)o 0, =1 RAHDEIF R JOTRAL, [AIEHUE Fomel 4595 F)

l‘m

SRR 2 7 I ET T 9 am%%%aVXme~ﬁﬁ$ﬁ%%@%ﬁ¢m

TR 3 S, Fh DU YT B R 31 e A e 2 T R
BRI (ay.a,......) T LLAMS . SR KR (4)H N 2R BN TUR 1958(7) 135
RMS J7I5TE R Pro)ih, st R, WETE j B A s B 1) -

T X,z)= (x—xl.)z 7.2 (z \/(x—x_/.)z 7.2 (z 8
rms—ij(’) \/crz’ns(z)+0()+ Crzms(z)+0() ()

iJei, SR RMS JiATHREAG A MR AR O Ja 15 38 R 45 M N AR AL

BAERENE, FY5 DAS 7GRS &, T & SR B RS 2
1.3 SRMSifg 771k

RMS J7 ik BARTT LA 22 2 G5 M T B GRS 15, ELAE TR B 13X 2 i T U
ZHUN AT, BUGRS BE R BT & 5 52 55 W 5 FBE AL 75 1 T4, RMS 7
VEZ B AL 0 T 5 P R AR T 5 R B AR A e TS 53 ME AR
AEZE PR 7 VE R RIS 5 i B2 2 A SR 005 5 R, M LR v 22 e )
HAE S AENE, JF R A SR LU EE B R . Z U E A At E
T JREME S ISR LR, FESRIE DX, R SRR 22 1 4 & i 5 LU fE 2
B, IR, T 12 DX S8 o PR o AR B X 3k, A 80 5 v s v 222 (1 201
FAEAF LA, T HACHIRCE . W] 2 FroR, FX AR T G Lo i 22 (K AL
HIBCHLE S RMS J7EE G, MG THRMER TR, 207 A 0 g s

PRI, M98 7 HARSRIE X5 S, & 1A BRR R S R

6



SMSF % ik 20N

l ov-Ie N
E[S(7)] _ Nzizl Zj:i+1sij(z.ij(x’z))

S
- JJIVZ(Z RTCTEEIRES o T e

KOF, E[VABMEIEE, of ] AHEZEZE, S@) NIERAMEE N Aok

SMSF (x,z) = 9)

YRR [R5 5 o A5 30(8) T AZ() FT LA ZIANA RMSS 33 RERL AL J (A L PR 5

1 N-I~— N
N Zizl z‘/zm S (T"ms—ij (x,2))

SMSF,, (x,z) = = (10)
\/ % 2,1:1 (Z;V—m Sy (T sy (%,2)) = > Z:l Z,i,-ﬂ 8 (s (X Z))j
L4551 SRMS JTVETE P(x,2) i IR AE 1o 16 (x,2) N
SRMS(x z)= SMSF;mr(x z)x Z z, i+l / */(x 2)) (11)

S

— 5

TR B BRE
== = SRMS

b = —

2 SRMS F &
Fig. 2 Diagram of SRMS

WE S

=
=

1.4 P FEAR

AR X6 LU (contrast ratio,CR). X bW 1 LY (contrast-to-noise ratio,CNR)
AR WA 45 16 Lt (peak signal-to-noise ratio,pSNR)XHEE A 8% 5 & HEAT VR4 -

X B EE(CRYM T4 H AR X385 X IR MR AR E 2 5, ek 1 R A
FILHAUNIX oy fig 7. H A RE A

CR=20log,, [”—d] (12)
U,

RA2)H u, Flou, 73 5 SRR 125 58 BE AT 55 A ~F- 24 58 o

Xt EE EE MR EE(CNR) Mk — 2 2% 18 1 e s g, B L FAR S W HNES

7



Z A TR M A RN, SRR M Al R R E RS i A AR R .
Bep ik {0N:

Cmﬂe=201ogm[h”'_”Aj (13)

RADF, o, W HIFREE.
U {12 s (pSINR) 238 3 5 5 ) A5 I (515 45 7 34 W (R £

KGR, 5T R R BRI BRGNS KRB ON:

PSNR =20log,, (]miJ (14)

u,

R4 T, 1, BRI

CAEVPFA R bR Ea & e 1B S BB TR . HAn 58 S X 0 DL e s

PR, AT R P UL B (M AR L T 2 4 B () AL KA
2 &

2.1 A RIuHERY

ARSCFIH COMSOL A BRTCHR A @ ToREHE 450 — 4e A IR i B4,
B 3 foR. AR/ 500mm>460mm, 5 BRGAEAY PUIERR « fPH 2RI SR 2
R S EM B SO WR 1A R SR K E T IS E T 12 MEEREE,
FHAT I AR B8 1 0 RPN 30mme. BPIR 2 A B 7 — /MK 8 300mm, &
24 30mm &R BEG . FE7S 2 S A E By, S SRR
Ji, HETUIRE N E, R R TOVAAE 2 S R A R, OB R 1
0m/s. KT RIS INES, A COMSOL MfE ) F iyt , itk
IRAE A BE IOt I — AN R AR, S0kHz FI90 T & PRSI 5% 455, JR 07 i
SERIKY, BIVE x 7, INTRTEOR BT D0, e REEIET BT BE T x J7 a4

8
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Fig. 3 Two-dimensional finite element simulation model

R 1 LHFPIER R EZS

Table 1 Each layer of ballastless track material parameters

e LBEL W2 AR it 2 [X 5k
PR FE /(kg/m?) 2500 1800 2500 1.29
MR B E/GPa 36 7 36 0
RN 0.2 0.3 0.2 0
% )2 K /mm 500 500 500 300
% )2 B /mm 200 60 200 30
T T8 P /(m/s) 2450 1223 2450 0

®2 AR REES

Table 2 Finite element simulation configuration parameters

R FEEAE
R R SF /mm 500x460
AHARAL B 2% 1 18] B /mm 30
fE IR 12
Vg %3
Wb A% /kHz 50
% KN/ mm 1x1

2.2 BESFEY)

A COMSOL @A EAEM G, S HbITa, (0 FE o OO i
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N T ORRE S DL GBS IR RS 7 37, B 4(d) o 1 R SR BT R 1

U HIBR S5 370

K 4 BA B %5 (a) t=59us; (b) t=124ps; (c)t=210us; (d) t=243ps
Fig. 4 Transient sound field distribution: (a) t=59us;(b) t=124us; (c) t=210us; (d) t=243us
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Fig. 5 The 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) Defect signal;

(b) Healthy signal; (c) Scattered signal
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Fig. 7 Comparison of simulation imaging results: (a)-(c) Ultrasonic images; (d)-(f) Lateral

intensity profiles; (g)-(i) Longitudinal intensity profiles
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Table 3 Accuracy comparison of simulation imaging results

WARES EAS{H/mm K I 4E /mm R/ mm
DAS 373.0 73.0
R 1) RT RMS 300 337.0 37.0
SRMS 299.0 1.0
DAS 232.0 2.0
A 1m) E fr RMS 230 222.5 7.5
SRMS 229.0 1.0

DAS. RMS. SRMS 7747 FLRUAR 45 RVEREXT LU AN &l 8 P, b siff 45 2R
KR CR 43514 27.99dB. 26.07dB. 32.26dB, CNR 4354 11.80dB. 11.69dB.
16.69dB, pSNR 735K 24.26dB. 23.52dB. 41.71dB. %45 %45 5% SRMS
JEER DAS J5%5 RMS J73%4E CR. CNR. pSNR =51 FSIE B KIRTE,
Hort SRMS J7A4E pSNR J7 [ (I H& T+ f y 3, IX R BTV RS i i 4k = 0

ERERLNE RS Syich d P S L=y PNV D CIF A= i 1 7t =/ (7 b E ey A

. /7 > =
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35 18 45
16.69 4171
(a) 32.26 o (b) 0 (C)
30 27.99
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. . 1169 30
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220 210 g5 6 23.52.
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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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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 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 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 to the DAS and RMS methods,
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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.
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