$218 FH2 M
2026 4F 4 A

BoE M o o R
Chinese Journal of Ship Research

Vol. 21 No. 2
Apr. 2026

7% 32 M 3k : http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.04324

HA ) W 11 : www.ship-research.com

SIAREI: IR, PR, E0FF, 58, KT R A 1 S50 40 07 ECA B0 Uk -5 0 DA S 1k Jig (0], v AR WE 5T, 2026, 21(2):

301-316.

XU J Q, CHEN G J, WANG S P, et al. Progress in verification and validation of simulations for underwater blast-induced

hull structural damage[J]. Chinese Journal of Ship Research, 2026, 21(2): 301-316 (in Chinese).

K TRIER R EERRHBHER
I E 5 HIA T R R
waERT, HaX, T, RE

1 E AR E 91388 TN, T F A% 116041
2 A IRIE TAE K A TAE 22T, B AT % /RIE 150001

OB AR K, TR AR KE T A 5 AL BB 5 1) B0 1 BB R IRAS T 3 kR, (B LA T S 0% WA R PR A )
FBE, ATS 9K S 24 l7 R A R R A T . R Ik, T X T R K X S A 4 A B A B4 I A B E 5 A A (V&V) TF 5T i
AT R G LRR, BIENZA MR R RN S H5, Bk V&V I B S 0, Rk
T A A 55 4 S8 BB L0 V&V A, # IR — R )R R E . FRAR S 2 ZEZ AR K, X5
FERf B EAT A 90 S, WA a8 v i gy L B R T R P R RN G 2 R sl 12 S s
PE 2 E IR B9 R)E, B4 V&V Tk (BRI EIE . TH3 900 . 80 A 88 S 4 2 L R 5 44T . 1
AR RIS EOR S ) D F 58 aE JR, 1 3 3 5k 28 J7 1 FE UK T 95k K 55 A 1R 435 v S8 40 8 0 L b 1 o L R
BT, B AR A SE T 1]« 0 iR 2 G v Y B B AR I I O, R R E K R R S B 1 S R IR TR Y
V&V J7 ik, ST R 45 ¥ /K T 13 KE 850 R e 2B R B iR 22 4431 L N e G stk oA r k. @ Bid
SCHRBIF ST LR IR, 7T LA A 2R 2 7K N 58 e 55 0 445 ) 582 0 )5 0 7T 4% B8 3 Ak R 8 3 85 28 179 A 90 4 A i JRL 0 s 042
HHARS%

SEHEIR: MU, K TR, MYARLH, S5, BIESTIA; AvE ik, RN E; S0
hE 425 : U661.72; 0382.4 XEARE: A DOI: 10.19693/j.issn.1673-3185.04324

L L
F0G e 52 42 S

0 5| §

AR, BT RRIR R 48 T/ (MBSE) % 1t
J7 132 W o FH B0 4 A A b, G A
A0 A0 B 2R AR AR Y, AT DLAE BT IR R S
AR T RO A AR, DA R IR 46 o 14 1 ) 40 -
WAE G AR AR AR T K A G
BERUA : M Ao | DR PR A5 B A T A T 2
R RSN ) R G SO AR S A g S b )
SRR X BT BUOBUE A AL S 7 B (modeling
& simulation, M&S) 7£ MBSE 7 i) sl 247 FH, A2
JE2Z i BRI A (verification & validation, V&V) .

Bifl 5 7K T B K T i A 8 4 5 47 1) 4 L AL
AR Hiz B HE 7 AW A J, XK 3 4 S 1 g 2
AR SLT B B V&V F AT {5 B (accreditation)
VAR T R H #2380 o SR, 7K T AR AE S 71 2

Y F5 B #8: 2024-12-23 &8 B #3: 2025-03-22

WY A 2= ML AT 2%, V0 SR ME Y B | R R
1K T2 S5K B I TREBYE R R D)2 T RS
G 1% Rl 1225 2258, HXEFRI S5
g, E— 2R T V&V KR T]AF B AL
MERE o KT AR KE SRS+ B O B B R 2
KR BRI AL . 2R R M AR Y SO A B A
R, H V&V TAERME S B mik J12 . it
S A F1 24 1) V&V JFE I FIHE SR (A 2R
5B AR J1 % (CFD) | & K 124 M
Fb , 8 K B 0 2 B8 O B A I S 4TS LA S8
B — 3 B A B O 32, 91 U0 Hopkinson FF 3
45 | P fAT e . KT R E UL IR S FUK R R K AR
PRI A5 o T X AR 25 44 7K T R K S8 03 45
HIERFEH VEVIF R AN R Z, R HE RS
1 53 J2 B A HE 28 9 34 20 g N7 bR ffERS R A . i A1,
A R X B A ) 2 B A 5 22 LU S 1Y) iR 2

[ £& B %& B [E]: 2025-08-18 11:25

BEE£TH: N1 4 44 EE S 050 % % B3 H (Naklas2024ZZ006-)

YEE B tRwa, B, 1991 44, it
MREs s, B, 1981 4E A=, fi+

R, 5, 1983 4F A4, i+, #d% . WF5T 5 M) K THXE . E-mail: wangshiping@hrbeu.edu.cn

“BIEEE: e A


http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.04324
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.04324
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.04324
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.04324
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.04324
http:www.ship-research.com
http:www.ship-research.com
https://doi.org/10.19693/j.issn.1673-3185.04324
https://doi.org/10.19693/j.issn.1673-3185.04324
https://doi.org/10.19693/j.issn.1673-3185.04324
mailto:wangshiping@hrbeu.edu.cn

302 BOEOMm O B %R

2026 4F

TEAS 00000 B2, 5 CFD S (A AT 58 A He, A1 2
J& 1k (uncertainty quantification, UQ) 23 #7 )5 A
BATRR o X T ANH R B B 5 12 908 1 1) A% 3 B
AU, T 3007 B AT AE B PG 45 R A
— . RYLE Rk

i b, ASCKRE e A0 B V&V S AT
N HAE RN 7 20 B B s H A, R
P AH DGR B V&V 28 5 i PN AR Ll S B 5 BIK
N7 KRR T AR 45 g 5 405 K01 0 L Y e 5
O E NG s ARG, BB US4 KT g KR X A A
ZE R B 5 BT H V&V IR IR | X5 KN
7% Wa, BRI V&V TAE T R 24571
ANH R BE A3 AT L BRI R B S SRR T i g
R, NG SRR R S %

1 BE BIAFEEART S SN AR
HE%R

1999 4K, SEEALM T F2IHHr2: (ASME) B A7
T V&V L7524y, HE T CED M8 454 1 %45

B V&V I, X EIE BN L ASH 2 Ak
(ZFH G V&V&UQ), LI K il 5 AL (5 V&V
B PR VV&A) S IEARE S TR R e L B
PRI 55, 90T 2 B S SO T B AR 2 85 A Ay Sz ik
BE AR Rk i i R, A RS B TE AT
ST IE s B R B R O FLBCUE R N R R
Xof Aff DA T A R A AR s R R R
Xof {7 LRI 56 445 S i A o B A T Ak 4 BT, A
MPEAN ARG B . EA LTI aE 1. B 1 frs i 36
ASME Hh2x V&V SN 45 H i V&V T FBRAE 8]

J T WEAREEAE R X V&V #1718 B, V&V
L 5 23 AR 32 43 A 38047 72 5% e g 5501 5 5
], %P A5 R T3 B B V&V HEAT T
YIRS AR FR I, R BT RCh 1A 8% R
HIT A FR G (FEM) X2 B R gk A el i,
S, i i A PR T (FE) A5 70 33 45 S 5 A 0 At 1
Fo, SERARAS R TE o SRS, A A% e SkcHs H5oxt
i IR BRL 5T B HORS BE T R A SO B E

FEEN, AR 55 2 &5 R S

22ty
HkLK
|
IR
)
B IERR . (s
e - B Eh & TE AR RN
. . Py
e izt
' |
I, S I S B A ‘
A E ﬁ")\FX |
" il
------ SR Wk -2
S ORI
@ ﬁl’* mxfm B
Lol pghs KR e
|
it g ). REERHE
| ! !
it e R —s s
R

T2
PNE

B BRiEARfA R

Fig. 1 Verification and validation process *
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Progress in verification and validation of simulations for

underwater blast-induced hull structural damage

XU Jiaqi"', CHEN Gaojie', WANG Shiping’, LIN Xin’
1 Unit 91388 of PLA, Dalian 116041, China
2 College of Shipbuilding Engineering, Harbin Engineering University, Harbin 150001, China

Abstract: In recent years, significant progress has been made in the numerical simulation of underwater explo-
sion-induced hull structural damage. However, the credibility assessment of simulation results remains an ur-
gent issue to address. To provide a systematic reference for future research in this field, this review summa-
rizes the progress in the verification and validation (V&V) of numerical simulations for underwater explosion-
induced hull structural damage. First, the basic concepts and guidelines of V&V are introduced, including the
V&V guidelines for computational fluid dynamics and computational structural mechanics established by the
American Society of Mechanical Engineers (ASME), as well as the related content of Uncertainty Quantifica-
tion (UQ) and Accreditation. Second, this review details V&V tests for numerical simulations of underwater
explosion-induced hull structural damage, offering a hierarchical summary and categorization of tests, ranging
from the single problem layer to the benchmark process layer, subsystem layer, and full system layer. Specific
tests cover various aspects, including shock wave dynamics, detonation fluid dynamics, bubble dynamics,
strong shock fluid-structure interaction mechanics, and structural elastoplastic mechanics. In addition, the re-
search progress in V&V methods is summarized, including code verification, solution verification, validation
tests and their hierarchical levels, uncertainty analysis, validation metrics, and parameter calibration. The ap-
plication and development of these methods in the numerical simulation of underwater explosion and hull
structural damage are elaborated in detail. Finally, future research directions are proposed, such as strengthen-
ing the validation of basic-level benchmark models, developing V&V methods tailored to the specific charac-
teristics of underwater explosion and damage mechanics, and exploring error estimation, uncertainty propaga-
tion, and quantification analysis methods for system-level models of hull structural damage caused by under-
water explosion. Through the above literature review, this study provides a technical reference for the future
credibility assessment system of underwater explosion and hull structural damage simulations, as well as for
model-based ship life-cycle design.

Key words: ship design; underwater explosion; hull structures; structural damage; verification & validation
(V&V); uncertainty quantification; computer simulation; modeling & simulation (M&S)
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