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Abstract: The bilge grillage of ship hulls is a typical vulnerable component under underwater explosion loads, and rapid
assessment of its dynamic response and damage is critical for ship survivability design. Traditional finite element methods suffer

from prohibitive computational cost, which severely limits their application in large-scale parametric analysis and real-time
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evaluation scenarios. A coupled Eulerian-Lagrangian (CEL) fluid-structure interaction numerical method was established with
four-edge clamped boundary conditions for the grillage and non-reflecting boundaries for the fluid domain, and its accuracy and
reliability were validated against classical underwater explosion test data. Then, parametric modeling was performed for the bilge
grillage, which systematically incorporated six key design variables: curvature radius, stiffener spacing, plate thickness, stiffener
height, standoft distance and material yield strength, and a dataset of 2304 high-fidelity simulation cases was constructed. On this
basis, a two-stage machine learning prediction framework was developed. In the first stage, a Random Forest (RF) classifier was
employed to distinguish between two damage modes: plastic deformation and rupture. In the second stage, Conditional Generative
Adversarial Network (CGAN) models were trained to establish end-to-end mappings from design parameters to full-field stress,
strain and deformation contour maps. This approach requires fundamental validation of the underlying numerical simulation
solver first, followed by execution of simulations for all cases within the parameter space under the vatidated modeling protocol,
and finally generalized prediction using the constructed framework. The results show that the iﬁéﬁ;{fe@:ﬁ@mework maintains
high prediction accuracy while delivering an order-of-magnitude improvement in computatiqaai emw, achieving a speedup
of over 200 times compared with conventional finite element analysis. The RF classiﬁer@%an‘ov}rall accuracy of 99% on
the test set, and the CGAN models accurately capture stress concentration regions, crack ngaﬁomaths and global deformation
patterns. This integrated framework provides an efficient and reliable new pathwaxfohggid agsgéément of underwater explosion
damage and optimization of anti-explosion performance of ship hull structures.

Keywords: Bilge grillage; Parametric modeling; Fluid-structure interaction; Randomsforest; Conditional generative adversarial

network
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(a) Test device
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Fig.1 Schematic diagram of the test installation equipment and test plate describ:
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Table 1 The main test conditions of the flatpla

- y / C0.45x w03
T JEZjMm (W)(PEK T, g) JEZG 28 (W)/(TNT, g) \ Nl o)/ (m) BT (1)) 043 W/ R
/N v

T 10 1.7 A,' 0.15 0.300
T2 20 23.4 /é( 0.15 0.424
TH3 30 ?{(< 0.1 0.520
T4 40 2}?\ 0.15 0.600
THLS 50 585 0.15 0.671
T 6 60 70.2 0.15 0.736

T 7 70 “ 819 0.15 0.794
T8 80 \ 93.6 0.15 0.849
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EFI-WRER R, BRI
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o
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2
p= +(ro +ae, (2)
(1= (S, =D =Syu* = Sy°)’

Hof, Us bl (mis), Up WK THE (mis), o, WA TE TR IIAIE (mis)s S S+ S,
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Table 2 Us-Up status parameters for waters

o (kg/m?) co(m/s) S S S; Yo o €m
1025 1480 1.921 -0.096 0 0.35 0 0.2895
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R py Ry py
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Table 3 JWL equation of state paranreters for TNT

p(kg/m?) D(m/s) Pcj/GPa A/GPa B/GPa Ry R, w E,/(J/kg)
1630 6930 21 371.2 3231 4.15 0.95 0.35 7x10°
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DLTE 73 B #2 oo st D e SR G
TG0 R A NQ235 49y I Johnson-Cook B %tk 4 Frsl,

* 4Q235 R J-C AHMBSY
Table 4 Constitutive parameters of Q235 steel J-C

A(MPa) B(MPa) c n m D, D, Dy D, Ds

590 451 0.006  0.496 1 0.16 0 0 0 0
23 HEFEEIES AR

FIH ER i aZ B T AR o, HryKECeR A 3mx3mx3m (KxFExm), KM SRR ITi#AT
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BREAR R A 50mm (YRS RS, 7R IR 7K I Al AR A Smm A 7K A o i A PR eSS 2
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Table 5 Comparison of calculated results

T4 KA LIGLE R (RN S 2
TH 1 KA 0.0400m 0.038m 5.0%
TH 2 KA 0.0578m 0.056m 3.1%
Tt 3 KA 0.0677m 0.064m 5.5%
T 4 ETALIEITES 0.0864m 0.087m 0.7%
T 5 ETALIEITES 0.1078m 0.112m 3.9%
THL 6 HhC X IR T I ARG Xtk — 3
TH 7 G X R il PR A X 4 — 3%
TH 8 BIY) 5 RAR 23 R B B P a0 X — 3%

(a) Fluid Domain (Euler Domain) (b) Ordinary Commercial Steel TestRlateQ235) '

A% Material Type:
Q235 (J-C Constitutive Model)

7 Element Type:
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}El\(‘:izgls;ze- » Mesh Size:
0.005~0.05m 0.05m

» Material Type:

> Material Type:
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Water Domain (US-UP Equation) '
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Fig'2 Finite'element model of test plate and flow field
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(a) Typical cross section of a ship \>\/ / -~
(b) Stiffener }‘54 <@A/
— - 5 7, - (d)3D model of a typical bilge bracket
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Fig 4 Schematic diagram of the structure of a typical container ship
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Orange arrow:
Simply supporting BC
of the bilge bracket

(a)Boundary condition

(b)Assembly

>

»

Green arrow:
Nonreflecting BC of the || »
fluid domain

(c)Mash of the bilge bracket
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(d)Mash of the water "
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(e)Mash of the explosive
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C3D
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Fig 5 Benchmark finite element model
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>  Step 3: Bulk submission calculations

Step 4 : Batch post-processing
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Manually

Find the abaqus.rpy Me\

working directlﬂ /wﬁ‘d modifyit to py

Open the ODB result file and
perform the post-processing
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] N Ef = Get the stress cloud map |
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ed of variables - el e pugily | 2 | | Get the deformation cloud
> S
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Power, Display) [
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I/ the model

model

Ad /snbeqy

| Generate INP files in batches |

Export the image to
the corresponding file

iu: !he modified script file using abaqus
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I
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Call abaqus name=job name int
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Modify the rpy file to a
py file, Add a for loop
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Fig 6 Parametric modeling and post-processing basic processes



JRIE 5 Pk
Explosion and Shock Waves

® 6 SHLIER

Table 6 Parametric matrix

Ap i Jin 1] R i e 0 e TR & el Ak} R 5
755 d R h ty ds 5
i:=X (VA mm mm mm mm mm MPa
AR IR EL 2 4 4 4 6 3
2500, 2000, 140, 160, 10, 12, 50, 193, 303,
A 330, 650 1500, 1000 180, 200 14, 16 415, 541, 662 233, 315, 355

R OTRARTHASEHEG TR U, LS MTERESHHEG TR o BwE 8
Fik. WE 8 aTLLE H, ANFEIHNE T KB AL E A, X2 R8T i %7 R SR A () A4
FRIECEAEF, RELT SHE AR 2 B EN A . 2 X E 7 ) TR migs, wl
R EIR O AR R S AN SE B R WA 7 (b~g) FiR. WL, TEARIGEEMAANSH,
AR K S35 RE) 0] S (1) 520 i R 3, X B T K R e B A R ) S RSP R LG, L 7(e) T
N, HEEIEM 50 mm HYKZ 662 mm B, AREZEHLOEHKETE L) 80 mmAE M FER 10 mm LR, [E
IR#zIT 88%. MILLZ T, MNAHIAIEE dv INAGERE by HEREAR R ARHEJRE K FITIAUR B £, &5 L2
IS AR BN e DU I EE ], a7 (@)Fs, Injs I EEAN 550 mim 34K 4 650 mm B, TR
AL 5%, 1K I 3 EEAR A= 5 2 dh ]I, i E s A TR A AR SR 0 B AR T A2 B2 T
PR 42, I AR W TR A BR . i 7 (DR \ RN i i AR 5 (4R T L AT W2
MPIEEE S, BB RN T2, 0 il 2500 NI BE (9 0% MRt R4t A 28 1 R v b 28 Ay P40 Je3 S0 e e
SHISS. B 7 (@FTR, BT AR Tk A S AR R G R, S AR R AN B
BRRE I it iy o AR, AR AN A5 v FERE RS B 45 SRR B (I 7 (o) Fi(d)), i
FRPE 2 AR TR

* 7 MBS RE A T AL AR R E R

Table 7 Schematic diagram of the geometrieumodel under typical parameter combinations

R=2500mm, d=650mm, R=2000mm,d=550mm,4=16 R=1500mm,d=650mm,A=16 R=1000mm,d=550mm,s=16

4
i 4 h=160mm, #,=10mm, Omm,#,=10mm,d=541mm,f;, Omm,t,=10mm,d=541mm.f,  Omm,t,=16mm,d=541mm,f
T d=541mm, £,=235MPa =235MPa =235MPa ~235MPa
JU
o
x S HASKHETHNEREE
Table 8 Deformation cloud diagram under typical parameter combinations
5% R=2500mm,d=650mm, R=2000mm,d=650mm, R=1500mm,d=550mm, R=1000mm,d=550mm,
:HA h=140mm,#;=10mm, h=140mm,#,=10mm, h=160mm,#,=10mm, h=160mm,#,=10mm,
- d=662mm,f,=235MPa d=303mm,f,=355MPa d=303mm,f,=315MPa d=193mm,f,=315MPa
m e ¥
37 Hie i
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(b) Effect of Stiffener Spacing on Deformation (d) (c) Effect of Stiffener Size on Deformation(/)

s =160 tp=10 R=2500 fy=235d5=415 o =650 tp=10 R=2500 fy=235ds =541

Deformation (m)
o
B 8 H
Deformation (mj)
£ g B
/o
y
/

. 15

5 0 0 5 0 05
Distance from the plate center () Distance from the plate center (m)

(d) Effect of Panel Thickness on Deformation (z,) (e) Effect of Standoff Distance on Deformation(d,

o T . oS50 0 1y 55 RezB00
o ol

Eooe 3

: Zun

guns —tp=10| é Jp——
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Confusion Matrix Analysis == ROC and Precision-Recall Curves
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Table 10 Comparison of finite element analysis and CGAN predicted strain field results
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