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ABSTRACT Bridge deck slabs are highly susceptible to rapid deterioration due to repeated traffic loading and environmental
factors such as moisture and chloride penetration. However, early detection of internal damage is difficult through visual inspection
alone, and reliance on a single nondestructive testing (NDT) method is insufficient for quantitative assessment. In this study, impact
echo (IE), ground penetrating radar (GPR), and phased array ultrasonic testing (PAUT) were applied to deck slab specimens with
simulated delamination and disintegration damage. For each NDT method, a machine learning-based deterioration evaluation model
was developed. The IE data were converted into 2D spectrograms, while GPR and PAUT data were represented as B-scan images to
construct 2D convolutional neural network (CNN) models based on ResNet-50. As a result, the classification accuracies of the IE,
GPR, and PAUT models were 80.17 %, 75.32 %, and 80.80 %, respectively. This study identified the detectable damage types and
limitations of each NDT method based on their wave propagation characteristics. The findings can serve as a foundation for
developing quantitative condition assessment and multimodal fusion-based deterioration prediction models for bridge deck slabs.
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1’4<KECRI 2020). ofof| wte} g Bpeae] Ui dst AHE A4
T 02 grlsl7] Yelial= thdet Bl HAKnondestructive
testing, NDT) 7|H9] &-8o] HQ3IHKim and Lee 1995;
Kee and Nam 2015; Kwon et al. 2025). 18]4 & vj=t7 4
AF 712 A Zol, 37t W%, &4 730 Wt 2R B
o] gt Y F3E AHUstA Bkt o] HtHGucunski and
Nazarian 2010). & +-= o]&gt A& Eolr] 3t 7=
ATEA, nF v BAF AIFAE e R F4-HF
(impact echo, IE), A EETF|o|H(ground penetrating radar,
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GPR), 94 221} ©AH(phased array ultrasonic testing,
PAUT) Al 7HA] Bt HAL 7152 A-8-5tArHKim et al. 1997;
Lee et al. 2024; Lim 2024). Al 7192 25 o5 E2E 7|9te.
2 AT E 5500 B Asto] Zlo] Wl 9x] HRE A|lTet
= ok IR GPR AR}7 |1}, PAUT= 253, [E= A50} g
oS ARSSHER, 7R o 4% &Y fol e |
HE7} dolsit. wEhA] 2 AtolA= o3t e HYE &
4 T121510] IF, GPR, PAUT 7191 A1a1ick. & obrb 2t

1‘?jﬁ 53t HlolE S WAl 79to g Basto] It 4
B 5 5= Bl B7lelal, 71 1A E/9% HlolH 5
A Zjo| & AET O = WEF v 1R Jotke] AR 2t
7Fs <& 11 &SI

2. M3 W

2.1 A M=

g Z3 2 E vigol A WEsk= G}t S =
&(delamination), A l'?Ji].(corrosmn), Z=(void), AFSH
(disintegration) &°] Z3IEtH(Njardardottir et al. 2005;
KEC 2023; Jeong et al. 2024). & 7oAl o] F &9}
AR} 24 BARE AYAE AlRFel9thFig. 1. S8 &
A2 ol2d T2 AYsks WAoE FHSIUATHWU et al.
2024). ot=2E8 O] FA= 3 mm=Z 5k, HH 7]+ 300
mm %300 mm(HF)Z} 200 mmx200 mm(4 %) F SF= 4
8513t o282 2T ENT Yot 30| Yol mdA
Holr} ZAfsIH, Ah 97E E3 BALENT} ol 715
of| 77k A4 E42 AA 571

=42 ekt olejgt

(a) Simulated delamination (b) Simulated disintegration
(acrylic plate) (gravel and sand)

Fig. 1 Simulated delamination and disintegration

Table 1 Material properties of air, acrylic, and concrete

Zus SehAel hElE A ST, Sie] EAolAe)
WA 3 5.2 Asple] Haelet. ole] el o8 3

27 &4 BARE iR A4S Table 12 571, oF A,
ZAES] 14 S4HE, A, 7488, =52 FY
3t Z0|tHGinzel and Turnbull 2016; AZoM 2024). AH&s} &
A2 2 E Am 28] 9 HE A5t @42 ZARH | 25
2 TR FEA] S-S 1:0.742 259t o & B9
HEgt2el ZA9] £ “‘5115 st

A A= S22 AEA 171 AHSE AR A 2712 & 371
A &etAhFig. 2). A% HAAE HiX3t &, e 2FAL 1L
Sh g A AFARERFKEC 20110 AAE vigHE 285t
of ZAYEZ SISl s vidH|(Table 2)= T3 1F &
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Fig. 2 Layout of simulated deterioration in the specimens

Medium Young’s modulus (GPa) Density (kg/m®) Relative permittivity Wave velocity (m/s)
Air 0 1.2 1.0006 343
Acrylic (PMMA) 2.7~3.2 1,180 2.6~3.2 2,730
Concrete 24.4 2,300~2,400 5~10 3,000~4,500

Table 2 Concrete mix design table (KEC 2011)

S a Nizxgtzulgze Slump |Air content| Water-ceme | Sand ratio Unit m?ter1a usage (kg/m’)
(MPa) | 575 (em) | (%) |ntratio (%) (%) | Water|Cement| PN | Coarse | AE water-
(mm) aggregate | aggregate | reducing agent
27 25 13 5~7 46 43 174 378 733 991 2.268

62 | gt=2232|EsHs| =27 MI38H M1% (2026)
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Fig. 3 Specimen fabrication process

Table 3 LMC mix design table

) Unit material usage (kg/m’)
Mix C Fi C
type | Water -ement Latex e oarse
(rapid-setting) aggregate|aggregate

Design | - 7¢ 360 115 | 933 767

mix
Applied

mix 13 61 20 159 130
(170 L)

g8, PSC Hlu v RC &3 B, AR (Steel Box) AT

vie, 07, SE 712 5 TRt i A A8 B
wigto 2 gk ehd & 2897 B4 P (field curing)S
Bl SRR A= G o] wE viee] vy 2
& F+d517] Y8l LMC(Latex Modified Concrete) ZA45-2 A
5ottt A 24l -85 VES-LMC 3= 5L5H
A-g5Hl o, FHE A JA7E AA| 1w H 24 vjgdH](Table 3)
of| W} Al3-2 $35FATHFig. 3). ©] THE S5l 2 AtollA
= 9y 232 E £ BV} o, i HiEae] 124 - A =4
EAS utadsl TAF AIEAE A5kt
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Fig. 4 Working principles and data pre—processing of nondestructive test methods

Before Preprocessing

(b) GPR method

W2 HISHT L

Table 4 Specifications of nondestructive test equipment

Category IE GPR PAUT
A1040-
Model PI8000 GP8100 MIRA
Manufacturer | Proceq Proceq ACS
Channels 1 6 12
Sensor type | Contact |Ground-coupled Dry-contact
array
Raw data csv S Ibv
format ’ SEY '
Sampling Antenna Center
Frequency ) . .
specification frequency: |frequency band:| frequency:
P 400 kHz | 0.4~4 GHz 50 kHz

2 AtolM= F4-1KImpact Echo, [E), AFEFT}eolH
(Ground Penetrating Radar, GPR), 18 21t &4
(Phased Array Ultrasonic Testing, PAUT)2] Al 7}4] v]ztz] 4
AL 7T A-&5keltt [E 7S SEev 3= 22 29 3
=) FEstt, 49 e84 AU IS FFH s 57t
k= dlofl= SHAI7F itk PAUT 712 2] Zlo|& H|u 3]
o] 4 4= 1oL}, At AFHolA 2] §EAL A5 7} Al
o]ojA] &3} ¥ 9} AFgo] ofzfzo] Slth. §FH, GPR 7] 37]0]
o} H & SAlol et 4= Q= 73';301 Ao, HlAIHFE,
GO o]Fojy FHET &4 HS §4E& ZJol7} Zot ‘I::-]'Z]
‘5ol AlRt&oltt. Zt 7] <] AH] :r"’H 9 ARFE Table 4°]
AASHSIE. & AtollA= 2t Blot HAL geloA] 53t o
Al HlolE|(raw data)E E-85%2H, 7 713 9] H2|e} glolE
9] 7] B2 thaat ZrhFig. 4).

4

2.2.1 &2-9t5F 7|%(Impact Echo, IE)

IE 71HL Ao E(impactor)®} 71 EAl(accelerometer) &
T/3=H, Fig. 4(2)2F 2o 22 E 1Ho| JdHEE ZA 27}
off ATt edutke] BhAF 4SS TG AR Alste] AIZE

Transmitter/Reciver
Transducer elements

i
il

Before Preprocessing

(c) PAUT method

After Preprocessing

After Preprocessing

SalEl BVIE 2t S R HITdAL 7| &E | 63



Frequency Spectrum

----- Peak: 4.93 kHz

w

Amplitude
N

-

o

10 15 20 25 30
Frequency [kHz]

o
v

(a) Frequency spectrum

Time Domain Signal

20

Amplitude

0 1 2 3 4 5 6 7
Time [ms]

(b) Time-domain signal

Fig. 5 Solid-defect boundary data

I (time-domain) T2 AE3THGucunski et al. 2008). A
9 492 0.5~20 kHz tS 53 TEE 283 & H+fet A
DC & AAE FFsIelt). ol MEY T 400 kHz
(dt=2.5 ps) Z70lA ©7] F2fof HEHSTFT)= A-&sto] A
EZTE 45kl STFT Alitoll= 3.5 ms Z0]9] Hann
window®} 0.08 ms hop sizeS AR5} o]uf window Z0o]
= [EA159] 8 Fuka tf9S Jffolr] Y3t Fab4= =
(df=0.29 kHz)Z E=35}7] 9Jgtoln, hop size”} &7 AAH
o] W} window 7t overlap Bl&-2 2F 97.7 %= w=A UEPATE
=2 overlapZ AlAEET} w22 H|-&o] S7FsHAIRE A7
Ho] A&KGE fAlsIL AR digS EEste H -85t
CNN 718t 257 2E9] 435 3ol 71098t Liu et al. 2024).

712 FFT 718 242 v Suj= $slo] we} &4 o iLE
TS 4= Q1o Fig. 5004 Holx AR A4 Fol
A o HE7} A0 Yey B420] Fular w971 3/
ng o A"ERTEe 2 S 55| s ] ofFHt o]
3k SIS HAsh| fls 2 AtollM= Al-Sa JEE
Al gt AT EZ TS E-gsto] B A& WS
A 0 2 BA5Ht.

2.2.2 XEE1Y0|H(Ground Penetrating Radar, GPR)

GPR 71HZ Fig. 4(b)2F o] ¥4l QFE|Htransmitting
antenna)s 59 MRS 23 E YEZ FARRL, 41
Qe[ LKreceiving antenna)2 RHAFE 4155 4231610 B-scan
o|H|R| & g55h= WAlolt. v RO Al FdE(relative
permittivity) 2to]o] whe} §kA} 38} fPdo] DEfA|H, ol&
AR BN A2 UH9 Aot JHE B7HE 5= AUrtHAlani
et al. 2013). &5 GPR Hlo|E& #H §HAF RS A A
8l i AA(background removal)s +51H .0 H, o]
A AlR(linear gain) & A17F AlQl(time gain) 42 &-8-9]

64 | st=2232|E5t5| =27 M38H X135 (2026)

of Zlolol W T4 E BASHL 4% tiBlE FIAIFHKIm
et al. 2007; Jol 2008).

223 AMHIE =3I B 7 1-(PAUT)

PAUT 71" Fig. 4(0)2} o] k9] $=41 K transducer
elements)E °]-&sto] b 253} ASE SA4lstaL, BhA
s 7|Hte g Z38E Y] Z9kS "Aok= WHoltt =
H Full Matrix Capture(FMC) H|°]&]& ©]-&3]| Total Focusing
Method(TFM)Z A-85HH Wi F+25 QAR 4= 2loH, 2
IH= B-scan ©|7]|A] FHIZ HEHS wjd W SF ATEA
(acoustic impedance) A}o]of] WE YA A5 EA45H0 244
Z3YE Y g3t §I9& AET & AUrHHolmes et al.
2005). Hlo]E}=20~80 kHz ¥ 9] 2]9] FupE 0= 7t
sto] A AH o™, EHIKsurface wave) &S JAloto] &
Sil(shear wave) BFAL A7 A A 02 AXRE L2 AT B
AL FHSIHHZhu et al. 2019).

[E Hlo|El= Sk AHETEO 2= H|o|4FA Q] AT ofA]
&4 o5 E gy of 9, AlRt-Fukar JHE vkt
EZ T3 7|9t o]m| X = W5t GPR Hloj8= Wi
o] =& W3le} Zlo|d WAt £ EA51] Yo T w3
o] opd AZH-3%t Z=H|RI9] B-scan °|P|AE &5ttt
PAUTY] 7% 54l f1A19 wet = AlZHtime-of-flight)©]
Aolsta g Tl kg EATto 2= A YR|E a4 o 1t
o}s7] o]y}, olof] TFM Yale|E<= ol-8sto] 435S d/ds}
1, F-37Hx-z) A1 221 G4 HlolEE g5ttt
o]2} o] IE, GPR, PAUT &5 AJZHo] thE vt HloJEl & A%
SEA|TE, 719 9] E/93} 4] B4 of what A& thE A 0= A]
ZshET) 2 Aol A= o] 2igt 234 ofm|X] PEjQ] HlolE &
H|u GAL A3 B4 9 mAley 7|9 Jof B 2Ee]
tlo|g = &85ttt

2.3 HIOIHME H=

B Aol A F 3719 LMC 24 AFAIE tiAf o2 GPR,
PAUT, IE 7|'H& 217} $=3¥5t0] TolelE E5oIqlt). [E%
PAUTE ZF AS AA9 413 HlolHE ARESEEoH, GPRS
2l A7H Hlo]§& 300 mm 7H4 0 & Egtsto] H|o|EE 4
sttt HAlEd g5 9%t Tlole =g T 41 EdA
(Class 0~3)& T3} tHFig. 6). @ W+ &35} zlo]of o}
ot B B i) E A S50] FREEEER, o 7IRte R
3} Zo] FAle FFH EF AAE HYSHIATHKEC 2023).
G AA= w4l 715 G} AeErE mde] 2pde 7]
(abeling criteria)2 2 Z-8Et} o] 7|&S 28351 IE,
GPR, PAUT H|°]ElE Z+Z} Class 0~32.2 E-75190m, tlo]
BN E 5/ Z3k= Table 591 AA5HH. HESH 0= SHE
Z 2,370719] AEL2 F2Q 2 Sl5-2(train), H5-H(validation),
ANEE(test) NMER BP0, HS-2 6:2:2(1,4227H/474
N/4747ME = A




Class 0

Intact region

Class 1 Class 2 Class 3

Deterioration within Deterioration deeper Deterioration
the upper cover layer than the upper cover, beyond h/2 depth
within h/2 depth

Fig. 6 Labeling criteria for deterioration classification

Table 5 Summary of the collected dataset

Class IE GPR PAUT
Class 0 1,478 1,491 1,491
Class 1 337 276 276
Class 2 416 431 431
Class 3 139 172 172

Total 2,370 2,370 2,370

2.4 HAd I

7} 7]%39] G} AtE 7T Pl ResNet-502 Bl (backbone)
05 ARSI o™, ImageNet-22K= AR Sk5H 71SA1E ©]
25)| Ho| S&(transfer learning)s $HoIAtHHe et al.
2016). 4 Hlol8&= 2t 71§ 9] B0l 2A| st em, IE
= AHEZR I3 o|u]z| &, GPRY} PAUTE B-scan ©|U|A&
ARSI 7} olw| A= 71 £ 23S MAT T 3419
27 v E AR Ao w, AP IS s f1R|e] T A
g AlS Fegho 2 S/ H Fig. 62] 4 dlolH«= a3t &4
3ol @t Class 0~32.= 2paEstglom, o] HAlzd =
dlo] g HolgE &85ttt 71" on|R|e] B =
Table 6of| AASFFL}. Al EA] Z&H feature extraction)
O} B577|(classifie) 2 JEtHFig. 7). 54 FE2FoA= A
g o|u|RF te 5 EF{convblock)Z AXH ASH L
2 EAS FE051L, £577100A= 470 E3F 23 A(Class 0~3)
of| tigt oIS FEZ AHETI Bk ol A= AR ek5E 7
SAE 7|49t 2719 A 8T EES 1Al 2%

Class 0

i

ImageNet-22K

Table 6 Number of input image pixels of each nondestructive

test method
Category IE GPR PAUT
Image type Spectrogram| B-scan B-scan
Number of pixels | 2,049x51 200x60 401=300

(fine-tuning)sto] ZF SeA0] t-8-51= st AeiE A LstA
EFole s HES A5 tHNguyen et al. 2024).

3. Al

3.1 H|mba|HAL Zaf

H|uh| GAL At A7, S5, A= FEste] e
5130w, o]i= Fig. 8014 E1% 4= Utk [E 24 A}, AR
ol A= FA HE(thickness mode)7} AH}& 0 & et o™,
Sk G ol A oF 5~6 kHz F2of] B3 Fuprt SRIE T
2348 EoAE 3 2E=(flexural-mode)?] FgkoZ Z|ul
Fopp7F ARFHT AFu) A0 & o|F st ks HAlt
(Cheng and Sansalone 1995; Lin and Sansalone 1996). AF&
S} 7t GA| A5t Gl A A[H Fupprt WEE oW S
£ = Sl g Eof| Ao 7F AT GPR =4 At
ARF A= A WAL 457 34 FEHE YEsTh S8
oAz ot=E Tt 2FYE 7 A f3& Z}o|7} Aol it
ATt GA YR ow, ofof whet A HEAbe] AEo]
ojF1 A% A& Asol AlRtE= Ao=E SRIE I o] @4
2 AR SEE &9 v FARHEKSultan and Washer
2018). ¥HA, AHASE JolAf= SAR Ig §-4& 2ol 2 |
5 A7 geshA B EQloH, GPRE SR EN AR
E 3 &/l sl 93k 4] 452 E]Ith PAUT 23,
ARo|A= A Y v shHoA et BEAL AT
]It} S8 FtollA= 29t ZolollA et BhAl 7| Ay
ol¥.oH, shE FYoA= ths WA multiple reflection) &
o] Uefttt. o]i= A AN A WHARE 2337} A o BAH
Aol & HHE HhAbel =2 AR sfAEct ARESE 71
A= EAS FFo=E AT AFoA EAL B AIS7F Ut

Detailed classification of
degradation range

Zero Padding
H
Conv Block

Date set Feature extraction

(IE, GPR, PAUT)

T g W
’mammammamms@m

Flattening
FC Layer

Classfier Class0  Class1 Class2 Class3

Fig. 7 Architecture of transfer learning-based 2D-CNN models for NDT techniques (GPR, PAUT, and IE)
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Fig. 8 Results obtained by each NDT method: (a) IE, (b) GPR, (c) PAUT

Table 7 Performance of machine learning models for IE, GPR, and PAUT (precision, recall, F1-score)

Class IE GPR PAUT
Precision| Recall |Fl-score| Support |Precision| Recall |Fl1-score| Support [Precision| Recall |FI-score| Support

ClassO | 0.8673 | 0.8845 | 0.8758 303 0.7025 | 0.9528 | 0.8087 233 0.8892 | 0.9274 | 0.9079 303
Classl | 0.7385 | 0.6857 | 0.7111 70 0.7463 | 0.6579 | 0.6993 76 0.6346 | 0.6111 | 0.6226 54
Class2 | 0.6667 | 0.5714 | 0.6154 77 0.9412 | 0.5424 | 0.6882 118 0.6962 | 0.6471 | 0.6707 85
Class3 | 0.5882 | 0.8333 | 0.6897 24 0.9130 | 0.4468 | 0.6000 47 0.5185 | 0.4375 | 0.4746 32
53, 2% 2ol 891 7ROt A% ARl Wt <) ool — TP o
stof s} W919] HaF stotel WA Ak TP+ FN

3.2 D2 &S Znt R = seore =2 X g el ®

Eﬂ‘—J ‘g5 B7t= HIAE Al E(test set)& TS 2=2 533t
o™, %5 FH(confusion matrix), FHE(precision), A&
ﬁrecaﬂ) Fl-score, A|gAE 8= B 9l 0 H= djA| ¢

ol ERH 02 Bajsioirh UL, AR, Fl-scores 2
7+ A1 (D~(3)0ll w2t Alikstalt,
S
Precision = TP T FP 1
66 | et=2232|E5t5| =2 % M38H M15 (2026)

o|eff, TP(True Positive)= AA| ¥ P22 F&5] o
=3t &=, FP(False Positive)= AA| 42 FHo2 AR S
St <=, FN(False Negative)= AA| FAAS 240 2 25 dj=3t

5 Quitt.

=

321 sA-te 71E Hileld 2

IE 7|5t &3} e g7} Zde] Y= Table 73 Fig. 9(a)°l
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Fig. 9 Confusion matrices and misclassification distributions of the tested specimens for IE, GPR, and PAUT
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Table 8 Machine learning results: accuracy and weighted
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Method Accuracy (%) Weighted F1-score
IE 80.17 0.7998
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PAUT 80.80 0.8036
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