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Abstract: The experimental investigation of internal explosion effects on ship structures still faces fundamental challenges. The

prohibitively high costs of specialized naval steel plates impose disproportionate financial burdens on experimental budgets,
while the restricted availability of standardized thickness variants has dimensional scaling conflicts during reduced-scale internal
explosion experiments. This research proposes an equivalent substitution method for scaled model testing. The methodology
enables strategic replacement of naval steel with conventional steel while maintaining response similitude during the internal
explosion of ship structures. The primary research objective focuses on validating the equivalent substitution method for
conventional steel as a replacement for specialized naval steel without degrading the accuracy of the recorded data. According to
the principle of central deformation similarity, the equivalence relationship among target plates made of different grades was
established under the assumption of structural integrity during the explosion. Based on the theory of large deflections of thin
plates, the relationship between plate thickness and deformation was clarified thoroughly, and an equivalenee substitution method
for different plate grades was clarified, and an equivalence substitution method for different plate’was‘ptreposed. This provides a
theoretical foundation for substituting specialized naval steel with conventional steel. /ToMyvalidate, the proposed method,
comprehensive numerical simulations were conducted using the finite element analysis\softwarel AUTODYN. The simulations
modeled the dynamic response of four different grades of steel target plates (921A steel, 907A steel, Q235 steel, and Q355 steel)
under internal blast loading. The maximum deviation between the simulation results and experimental data is only 5.6%, thereby
fully confirming the accuracy and reliability of the numerical model. The equiyalence relationships among different grades under
internal blast loading with different charge volume ratios (0.1, 0.2, 0.440:8, and 1.0) were further explored. Through extensive
numerical simulations involving four plates grades (Q235, Q355, 907A, and/921°A) with various thicknesses. Fitting analysis of
equivalent plate thickness was conducted. By integrating empirical/formulas correlating equivalent plate thickness with dynamic
yield strength, substituted target plate exhibited less than 10% devidtion in central deformation compared to the original plate.
The proposed equivalence method for steel target plates of different grades under internal explosion loads has been demonstrated
to be both rational and practically applicable. This providessboth a theoretical basis and empirical reference for substituting
specialized naval steel with ordinary steel in internal explosion experiments.

Keywords: Structural response to internal explosion; Central deformation similarity; Thickness compensation; Equivalence

substitution method
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Fig.1 Schematic diagram of the explosion test device in the cabin
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Fig.2 Schematic diagram of a 1/4 finite element symmetry mod¢l
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Table 1 Constitutiye parameters of the structural material of the target plate

I pl FPEE N GBRat RN BEfe AR ks AR AL

SEROR R}
(kg/m3) BE v A/MPa B/MPa Hon R C  FHm

Q235(20.21] 7850 206 0.28 293.8 230.2 0.578 0.0652 0.706

Q355(22.23] 7850 206 0.28 339.45 405 0.403 0.02 0.659

907A[4. 23] 7850 220 0.3 580 395 0.62 0.055 1.03

921A25,26] 870 212 0.31 651 395 0.62 0.055 1.03

fits 5 N ISR T B AR S AR S T R
p=(y—Dpe )

Xy o e RRTAMERIL, BESHNEE, BUE N y=14, p=1225kgm’, e
=2.068%105J/kg.
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Figure 3 Grid convergence verification
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Table 2 JWL equation of state parameters for TNT explosives

R D
C,/10"'Pa C,/10!'Pa o) T ® CJ J&JE/10""Pa
/(m/s)
3.738 0.03747 4.15 0.9 035 6930 0.21

TNT 48455 120g. 230g. 460g. 920g A1 1150g, A=A s AR AES2mS, 4EA TNT
MENZE S ER AR B SEBOLE 3 . Hd, Z5EAF Yy TNT 248 58 725 6
A= NSRRI LUAE, BN kg/mds

"3 TINT HEZHRIRASH
Table 3 Charge parameters of TNT explosives
TNT /g 2R AL/ (kg/m?) *f:4£/mm
120 0.1 25.99
230 0.2 32.23
466 0.4 40.71
920 0.8 51.29
1150 1.0 55.26

1.2 HEHEEGRIERMEIIE
AR 2 S R R 07 AR R T S5 2 25 SOl AR P AR 5 e 45 R AT AL, sk 4 o
R4 WIETELER S R 21X ST T

Table 4 The numerical simulation results are compared with the experimental data in literature [12]

R WENREE WRATR TR/ R/

FEAR AR T

(kg/m?) mm mm mm %
! 0.1 2.3 56.8 54.2 -4.58
Q235 2 0.1 3.7 33.9 35.8 5.60
3 0.2 4.8 37.8 39.5 4.50

WL SRR R, ATUURBL, SEXASFEARHEEAR, % TOUEUE 17 RSB A 45 R 51k %
SRR ZENE N 5.6%, XPENE R FERIEAT =483, L PloyWorks Ji A B 145 B HEHIR
MR ~E, SEEGETEEINER S BT, TR, 2R REC A&, Wik s k.
BRI BT 1A [ PERRE, AN (R <o BRAE AR PR X it v B8 1 KA T B BUAR R i W A 5 — 227,

G L Rox b 25 R RT U B BRI A RS B U T S5V BE S AR M RCADUNG = P RN A X S AR
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Fig.5. Comparison of deformati(% st and simulation structures
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Table’S Calculation result statistics table

HEAME RE R AEER RE R GEAR O RE R

/(kg/m3) /mm_,Zmmy  /(kg/m?)  /mm F/mm  H/(kg/m?)  /mm JE/mm

Q235
0.1 20~ 606 02 5.0 38.6 0.8 6.0 96.4
0.1 25 503 0.4 3.0 104.2 0.8 7.0 81.4
04 3.0 427 0.4 3.5 90.8 1.0 5.0 143.7
0.1 35 370 04 40 80.1 1.0 5.5 130.5
0.1 40 332 0.4 5.0 64.3 1.0 6.0 119.1
0.2 25 726 0.4 6.0 48.8 1.0 7.0 101.8
0.2 30 619 0.8 40 144.7 1.0 8.0 88.0
0.2 35 538 0.8 45 128.2 — —_ —
0.2 40 481 0.8 5.0 115.4 — —_ —

Q355
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0.1 2.0 58.8 0.2 5.0 37.8 0.8 6.0 94.6
0.1 2.5 48.7 0.4 3.0 102.4 0.8 7.0 80.3
0.1 3.0 40.2 0.4 3.5 88.9 1.0 5.5 130.2
0.1 35 35.2 0.4 4.0 78.8 1.0 6.0 118.6
0.1 4.0 30.8 0.4 5.0 62.3 1.0 6.5 109.5
0.2 2.5 70.9 0.4 6.0 46.8 1.0 7.0 100.6
0.2 3.0 60.4 0.8 4.0 143.5 1.0 8.0 86.7
0.2 35 51.5 0.8 4.5 127.4 — T —
0.2 4.0 44.9 0.8 5.0 114.4 — 77 =
907A
0.1 1.0 65.2 0.4 2.0 88.6 08 5.0 67.3
0.1 1.5 45.9 0.4 3.0 62.9 1.0 3.0 133.2
0.1 2.0 38.5 0.4 3.5 54.8 1.0 3.5 115.2
0.1 2.5 332 0.4 4.0 48,9 1.0 4.0 101.5
0.2 1.0 94.9 0.4 5.0 4005 1.0 5.0 82.4
0.2 1.5 67.6 0.8 20 159.2 1.0 6.0 68.8
0.2 2.0 53.7 0.8 2.5 127.9 — — —
0.2 2.5 45.5 0.8 3.0 109.0 — — —
0.2 3.0 39.3 0.8 4.0 83.5 B — —
921A

0.1 1.0 63.5 0.4 2.0 85.5 0.8 5.0 64.6
0.1 1.5 44.9 0.4 2.5 71.4 1.0 3.0 127.5
0.1 2.0 375 0.4 3.0 60.1 1.0 3.5 110.9
0.1 2.5 325 0.4 4.0 46.3 1.0 4.0 98.2
0.2 1.0 91.1 0.4 5.0 38.5 1.0 5.0 79.0
02 1.5 65.5 0.8 2.5 122.5 1.0 6.0 65.9
0.2 2.0 52.9 0.8 3.0 103.8 B B B
0.2 2.5 43.8 0.8 3.5 90.4 — B —
0.2 3.0 35.9 0.8 4.0 80.8 —

FERAARL T 907 A AN 4 BRI AARLING , 6T 2 AR S AR AR T 45 28 JE UL A S R AN 6 T o

10
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Fig.6 The equivalent deformation curves of 907A steel target plates replaced by other grades of steel under different charge

volume ratios.
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Fig.7 The equivalent deformation curves of 921A steel target plates replaced by other grades of steel under different charge
volume ratios.
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. 907A BT 921 A X Ji ARk 55 FEARYE % 6 HEATIEHL
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Table 6 The yield strength of different grades of steel is valued

WA HY JEAR5E B /MPa
Q235 235
Q355 355
907A 390,
921A 590

N T AESERR TR HIA B POE S e TR, S R TR AR 98 A 4 SUE IR 7). Q355
B Q235B HX. 907A AN E R Q235 £X. 907A AN B G355 X, 921A AN Hpk Q235 4.
921A B E /i Q355 AN 921 A BB Hplk 907 A XX 8 11y i Wik FE LU ALK Py
1511, 1.660. 1.099. 2.511. 1.662 Fl 1.513, RIGIPRIRAFIZGEAAFIL . AN FEM B ERRE B 1H,
THRERWME 7w,

=7 FURH L ER

Table 7 Equivalentiegefficients f the value table

ZyERARAR L/
907A #/% Q235  907A #ik Q355  921A #uh Q235 921A #% Q355  921A #jk 907A
(kg/m?)
0.1 1.05 5.03 0.61 0.98 0.08
0.2 1.06 5.28 0.64 1.07 0.10
0.4 1/06 5.32 0.64 1.12 0.10
0.8 N2 5.88 0.65 1.16 0.10
1.0 N3 5.94 0.66 1.19 0.10

N B AT R 25 BARFREL T A AR R SO S OC &, AR 25 BRI
AN RN P50 e 3OS 12 (1 R o 2 2 e 8, 4l 8 s
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Fig.8 Equivalent substitution relationships of materials under varied charge volume ratios.
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Fig.9 Comparison of the calculated Value with the converted value

& 8 907A BirAR.Q235 [FEEMR T
Table 8 The target plate was deformed after the 907A was replaced with the Q235

iR/ 907A R JE Q235 B 907A HEfRHLAE Q235 HAR AR
M RH B REY%
(kg/m?) /mm /mm J&/mm JE/mm
0.1 1.5 1,05 2.77 459 46.1 0.46
0.1 2.0 1,05 3.34 38.5 38.7 0.52
0.1 40 1.05 4.00 332 334 0.60
0.2 1.5 1.06 2.70 67.6 68.5 133
0.2 2.0 1.06 3.46 53.7 547 1.86
02 25 1.06 417 455 45.9 0.88
0.4 2.0 1.06 3.65 88.6 87.5 -1.24
0.8 2.5 1.12 4.54 127.9 127.0 -0.70
1.0 3.0 113 5.40 133.2 132.9 -0.23

3R 9 907A BREL Q355 FEBMRER
Table 9 The target plate was deformed after the 907A was replaced with the Q355

AR L 907A & Q355 & 907A HEAR H .0 AF Q355 #EAR H0 AR
SV ES Y REY%

(kg/m?) /mm /mm J&/mm J¥/mm
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0.1 1.5 5.03 2.66 45.9 45.2 -1.53
0.1 2.0 5.03 3.16 38.5 38.9 1.04
0.1 4.0 5.03 3.67 332 333 0.30
0.2 1.5 5.28 2.65 67.6 67.4 -0.30
0.2 2.0 5.28 3.37 53.7 53.5 -0.37
0.2 2.5 5.28 3.95 455 45.7 0.44
0.4 2.0 5.32 3.56 88.6 88.0 -0.68
0.8 2.5 5.88 4.5 127.9 127.8 -0.08
1.0 3.0 5.94 5.25 133.2 13577 1.88

3 10 921A BiRAL Q235 RERARTER
Table 10 The target plate was deformed after the 921A was replaced-with.the«Q235

2RI/ NIARE  HERREH Q235 W& 921A HEARAODEE  N\Q235 FEAR AR LA

R"IZEY%
(kg/m?3) /mm B /mm JE/mm F/mm
0.1 1.5 0.61 2.84 449 46.6 3.79
0.1 2.0 0.61 3.44 375 37.2 -0.80
0.1 25 0.61 4.12 32.5 31.2 -4.00
0.2 1.5 0.64 284 65.5 65.2 -0.46
0.2 2.0 0.64 3.58 52.9 52.8 -0.19
0.2 25 0.64 4.34 43.8 43.6 -0.46
0.4 2.0 0.64 3.78 85.5 84.2 -1.52
0.4 25 0%64 4.53 71.4 71.2 -0.28
0.8 25 0,65 4.74 122.5 121.5 -0.82
1.0 3.0 0:66 5.64 127.5 128.0 0.39
11 921A BREL Q355 [REEMREET
Table /N The target plate was deformed after the 921A was replaced with the Q355
2R/ NIA KRS Q355 21A BLBPOLAE Q355 HLMUH LA
EMREP RE%
(kg/m?) /mm /mm J&/mm JE/mm

0.1 1.5 0.98 2.72 449 445 -0.89
0.1 2.0 0.98 3.24 37.5 37.7 0.53
0.1 25 0.98 3.76 325 324 -0.31
0.2 1.5 1.07 2.74 65.5 64.7 -1.22
0.2 2.0 1.07 3.42 52.9 53.1 0.38
0.2 25 1.07 4.10 43.8 432 -1.37
0.4 2.0 1.12 3.70 85.5 84.3 -1.40
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0.4 2.5 1.12 441 71.4 71.1 -0.42
0.8 2.5 1.16 4.70 122.5 122.0 -0.41
0.1 3.0 1.19 5.61 127.5 127.7 0.16

R 12 921A B 907A RELIRER
Table 12 The target plate is deformed after the 921A replaces the 907A

ZIREARIRLL/ 921A HF 907A 1R J% 921A #EMRHLAE  907A HEA LA
LR W2 %
(kg/m?) /mm /mm JE/mm J&/mm
0.1 L.5 0.08 1.57 44.9 45.1 0.44
0.1 2.0 0.08 2.05 37.5 398 6.13
0.1 2.5 0.08 2.55 325 344 4.92
0.2 1.5 0.10 1.59 65.5 65.6 0.15
0.2 2.0 0.10 2.06 52.9 51.7 -2.28
0.2 2.5 0.10 2.58 438 43.9 0.23
0.4 2.0 0.10 2.08 85.5 85.7 0.23
0.4 2.5 0.10 2.61 71.4 70.6 -1.12
0.8 2.5 0.10 2.69 122.5 119.6 -2.37
1.0 3.0 0.10 315 127.5 127.2 -0.24

FRAEAR e 22 BT K 921 A AN E AL 90TAAN . Q355 AN Q235 4, #5 907A AW i Q355
RN Q235 4N, BB ERA RS FEAR RO AR I 5 SRR AR AR SEAR O AR AR ZE I LE 10% LA, BAE T
FE TR ERME BIAS [F) S A0 | AR TE A A BRI BRI R S5 807 v I ] S

3 B4

RS R A SRR A TR, SR ABIERIR S R BT B, BB BB 4 R S I
RRKIRZEN 5.6%, WiE REEAT B e . B T HER A M QAR T AR, AL B TARUEAME AN R B
A EEARAE AR PR IE R N ROSEROT 1, B OB BEAR O AR SRR R AR 0 A TR AR ZE I TE 10%
DL, BIE T S 0T E U RLSE

F IR T,

(1) FETHOBP AR TEAA R BRI, 4005 7 AR 25 B A AN A REEAR ) S5 R R et A, 52 72T
BB ) A ] 2y S AR AE A YRR X BT A R IS5 2007 1

(2) HRHE 2.2 THIPPRHE ok 2 B 40 S O LK) SR BE T SR BUE D7 BT 58, BB kL B P AR T 5 TR
B AR AR ZEIIAE 10% LA, BRAE T & M RHE e A K AT S T*ETELLE"JH*#%T@?@%lglla‘ﬁ%l_imfoﬁiﬁ’@?—_
PR AR 6 T P R b BN S5 28 e G S A AN, RO L TR

(3) AR 1 [ S A BT 1 & R AR 0 AT, ﬂiﬁtﬁﬁﬂﬂ FREAE SR DA TE I, R4k
PASLTT FEAH REAIT 7T«
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