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Embedded domain knowledge method for worst-case analysis of
three-span beam under multiple patch loads

LUO xiangyun, LIU jun, JIANG puyu, CHENG yuansheng’

School of Naval Architecture and Ocean Engineering, Huazhong University of Science and Technology,
‘Wuhan 430074, China

Abstract: [ Objective ] This paper seeks to solve the problem in which directly invoking an optimization
algorithm for the worst-case analysis of a three-span beam structure under multiple wheel patch loads raises
the possibility of falling into the local optimal solution rather than the global solution. [ Method ] An analys-
is method comprising embedded domain knowledge with the general black-box optimization algorithm is pro-
posed for the worst-case analysis of the beam. On the one hand, the position of each wheel patch load is
defined as a design variable, so there is no need to specify the relative position of the group of wheel patch
loads inadvance,which is more universal; on the other, by integrating knowledge of ship structural mechanics,
such as “large stress resulting from the close aggregation of loads in order of magnitude, large bending mo-
ment and shear force usually generated by the load in the mid span of the beam and near the support”, into the
optimization algorithm, a strategy for generating dangerous initial populations based on the genetic algorithm
(GA) and the overall translational strategy of the wheel patch load are proposed respectively, thereby redu-
cing the possibility of falling into the local optimal solution. The theoretical bending moment and shear force
distribution of a three-span beam under a single wheel patch load are derived respectively. The theoretical
most dangerous positions of multiple wheel patch loads are then determined by enumerating all possible com-
binations to verify the correctness of the proposed algorithm. [ Results ] Compared with the classical method
using GAs without domain knowledge and under the same computational resources, the most dangerous bend-
ing normal stress and shear stress increase by 5.98% and 8.59% respectively under six wheel patch loads, and
the error between the calculation results and the theoretical solution is less than 0.5%. [ Conclusion ] The nu-
merical results show that the proposed method can accurately, stably, and quickly obtain the most dangerous
load positions.

Key words: knowledge-based engineering; naval architecture; three-span continous beam; wheel patch
loads; worst-case analysis; domain knowledge; genetic algorithm
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Fig. 1 Schematic diagram of the extension of the wheel patch load

position to a line segment
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Fig. 2 Optimization flow chart
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Table 1 Individuals produced after applying the initial population strategy under six wheel patch loads
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Table 2 Possible arrangement of all loads gathered at minim-
um spacing under six wheel patch loads

HeF 9 > AT HEF
1 P5—P3—P1—-P2—P4—-P6
2 P4—P3—P1—P2—P5—P6
3 P4—P2—P1—P3—P5—-P6
4 P5—P2—P1—-P3—P4—-P6
5 P6—P5—P3—P1—P2—P4
6 P6—P4—P3—P1—P2—P5
7 P6—P4—P2—P1—-P3—P5
8 P6—P5—P2—P1—-P3—P4
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Fig. 3 Finite element model of three-span beam
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Table 3 Results of the worst-case of the structure under three wheel patch loads (normal stress)

BAE AL E/mm

KfEITIE RIS 25 i 1E N f1/MPa
x1 X2 X3

IR 900 700 500 99.77

H2IK 800 1 000 600 102.34

22 Y fifid (B /MATFE200 mm) IR 900 1100 700 101.99

H4K 5200 5400 5000 101.09

5K 5000 5200 4800 101.83

B ) ) W1, 21k 900 700 1100 102.82
RN S 36 R (Fge /N [B] 2200 mm)

H3~51K 5100 5300 4900 102.82

1K 5100 4600 5600 85.14

2R 900 1 400 400 85.14

2 Y fifid: (Bt /AT FE SO0 mm) H3W 800 1300 300 85.46

AR 900 400 1500 83.68

H5IK 800 1300 300 85.46

_ N 52, 3, 51K 800 1300 300 85.46
RN S6 36 R (Fge /N A #E 500 mm)

1, 4K 5200 4700 5700 85.46

e x~xa JHREMEEEIERAT 2 BN 10%, 5x10%, 3x10* N.



30 AR TR RE BT NG KO IE T LR 5519 %

) fi s AL Sk B R S MR ik . Tl KB = 5 32 45 k) 22 47 X FR, [900 1100 700] mm
B H B /0N [] B A B8 B 28 A 22 [8) B e /N R S, BT 5 [5100 5300 4900] mm (1) 45 525 M i

R4 3NROFBEMERATHEMNRERTRASIER(BTRS)

Table 4 Results of the worst-case of the structure under three wheel patch loads (shear stress)

i E A AL B /mm o
SRIETT % RIS BY N Jj/MPa
X1 X2 X3

IR 4300 4100 4500 58.63

2K 4100 4500 4300 59.25

22 Wi (B /MALFE200 mm) I 4100 4300 4800 58.34

H4K 4100 4300 4600 59.35

SR 1900 1700 1 400 59.35

- ) 1, 2, 4, 5K 4100 4300 4500 59.81
TN 58 R (e /N 8] #E 200 mm)

3 1900 1700 1500 59.81

FR 1900 900 1 400 52.72

2R 4100 4600 5100 54.50

22 Wi (e /MAIFES00 mm) I 1 900 1 400 700 53.30

A 4100 4600 5100 54.50

H5K 4100 4600 5200 53.91

B . ) E 1900 1 400 900 54.50
RN S50 AR (e /N ] BE 500 mm)

H2~51K 4100 4600 5100 54.50

He o ~xs FURRIVE VA A B4 107, 5x10%, 3x10* N,

x5 NROFBEERTHEENRERTRASNER(EEKSN)

Table 5 Results of the worst-case of the structure under six wheel patch loads (normal stress)

i 1AL E/mm
SR i RS I I J)/MPa
X1/mm Xp/mm Xx3/mm X4/mm Xs5/mm Xe/mm

LK 5000 4600 4800 5200 5500 2000 137.85

PN/ 800 1 000 300 1300 500 5500 137.08

2 WLfifi (B /N A BE200 mm) 3 800 1 000 1200 1 600 600 300 144.66

AR 5100 5300 4 600 4900 4400 4200 140.81

H5IK 5200 4800 5400 5000 5600 1100 144.59

1, 3K 800 1 000 600 1200 400 1400 153.31

RN 2 56 0 1R (e /N 8] #5200 mm) 2, 4K 5200 5000 5400 4 800 5600 4600 153.31

SR 5100 5300 4900 5500 4700 4500 152.85

1 5300 4800 1000 5800 4300 1500 97.83

P/ 1300 800 300 1 800 4900 4400 95.93

22 g (B /N1 EES00 mm) H3W 4900 5400 4 400 5900 1100 500 98.44

AR 900 1 400 400 6000 5500 4300 98.97

H5IK 1 000 500 1500 4800 5300 4300 100.28

EAAR/ 800 1300 300 1 800 5000 4500 102.62

) #2, 3Kk 800 1300 300 1 800 4700 5200 102.42
RN S5 5850 1R (B /)N JE] BE 500 mm)

AR 5200 4700 5700 4200 1100 1 600 102.59

SR 5200 4700 5700 4200 1 400 900 102.62

T xy~xe TR MG 4 BN 107, 7.5%10%, 5x10%, 4x10%, 2.5%x10% 1.5x10* N,
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Table 6 Results of the worst-case of the structure under six wheel patch loads (shear stress)
A E AL E /mm
SR i TR SRS BYR;Jj/MPa
X1/mm Xp/mm x3/mm X4/mm X5/mm X6
1R 4200 4 600 4900 4400 300 5100 81.34
2R 1 400 1800 1 600 1200 1000 2200 84.12
28 B A (BN 1 FE200 mm) 3 4900 4 600 4200 4 400 5400 5200 79.00
HAW 1700 1900 1200 1 400 600 2500 85.63
S 4100 4500 4300 5200 3800 5000 83.47
H1~4% 4100 4300 4500 4700 4900 5100 92.99
RN 536 0 R (/1N [E] 200 mm)
ELNe 1900 1700 1500 1300 1100 900 92.99
AN/ 1900 900 1400 300 3400 2 800 66.60
2K 4600 4100 5100 3200 5800 2400 66.04
2 gk (B /N A EES500 mm) H3W 4100 5100 4 600 3300 5700 2 800 66.18
HAW 1400 1900 900 400 2700 3600 68.03
S 2100 2600 1400 3100 3600 800 63.97
EAN 1900 1 400 900 400 2500 3000 69.84
2R 4100 4600 5100 5600 3400 2900 69.87
RN 565850 (Fe /)N B8] BE500 mm) H3W 1900 1 400 900 400 2 600 3100 69.87
HAW 1900 1400 900 400 3000 2500 69.86
S 1900 1400 900 400 2900 2 400 69.84

P o~ xe FTRE MV ENEAT 42 I A 107,

75x10%, 5x10%, 4x10%, 2.5%x10% 1.5x10*N.
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O, 3R ER AR T 5 W3 45 R 10 i
K2ZEME N 3.4% (2 4 v 54.5 F1 52.72 Wi 41 504l
TR 2], H S5 P A £ b Fh 6 a1
B4 A R 22 (35 8.4%(Hi 4 6 H1 79.00 F1 85.63
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A LT 28 LR i T vk A 45 L, 32 FH 0 3R R R
A R RV AR B SR Je, =5 3 R ROR
it 1E 1 ) R N ) E AR —E B4R T, 7E 6 A3k
VBT, e KA i IE N 3N T 5.98% (1 # 5
1 144.66 F1 153.31 MPa i+ 53145 5], & K35 1 )
BINT 8.59%( i % 6 1 85.63 Fl 92.99 MPa i 5
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Fig.4 Comparison of the convergence curves of bending normal

stress and shear stress between the classical method and

proposed method under six wheel patch loads at a minim-

um spacing of 500 mm
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Table 7 Comparison of the theoretical most dangerous load position and the results obtained by embedded domain knowledge solu-

tion methods under six wheel patch loads (bending normal stress)

Bfar {E A2 & /mm
& BN ERART foe /M AT /mm TR EEG S o il IE R /)/MPa
X1 X2 X3 X4 X5 X6

1, 3K 800 1 000 600 1200 400 1 400 153.31

2, 4K 5200 5000 5400 4800 5600 4600 153.31

20 HSR 5100 5300 4900 5500 4700 4500 152.85
HLfE 800 1 000 600 1200 400 1 400 153.31

HIR 800 1300 300 1 800 5000 4500 102.62

H2R 800 1300 300 1 800 4700 5200 102.42

3 5200 4700 5700 4200 1400 900 102.42

0 A 5200 4700 5700 4200 1100 1 600 102.59
HSK 800 1300 300 1 800 4700 5200 102.62

LR 800 1300 300 1 800 4700 5200 102.62

X~ xg TR EIEAT 4 3107, 7.5%x10%, 5x10%, 4x10%, 2.5x10*, 1.5x10* N,

£8 o NMRHNFMTERRERBFMESRBNERIIAKE EERPX L ()

Table 8 Comparison of the theoretical most dangerous load position and the results obtained by embedded domain knowledge solu-

tion methods under six wheel patch loads (shear stress)

i {F AL E /mm
RR BN B /)N E) BE/mm T HE R E S BIR /)/MPa
X1 X2 X3 X4 X5 X6

H1~ak 4100 4300 4500 4700 4900 5100 92.99

200 HSW 1900 1700 1500 1300 1100 900 92.99
LA 1900 1700 1500 1300 1100 900 92.99

1R 1900 1 400 900 400 2500 3000 69.84

2k 4100 4 600 5100 5600 3400 2900 69.87

H3W 1900 1400 900 400 2 600 3100 69.87

0 AW 1900 1400 900 400 3000 2500 69.86
HSW 1900 1400 900 400 2900 2 400 69.84

L 1900 1 400 900 400 2600 3100 69.87

T xy~xe FHRE SN B 107, 7.5%x10%, 5x10%, 4x10%,

BEAh, H 2] DL, 5 A 4 B A8 T £ 1 A2 A/

25%10% 1.5%x10* N,

3 %

%

(8] B B SR B 25 18 B ik AE [R] — 5 2 b, PSR
IO 308 IO B 288 AT S A S 0 S 6 T 0 Y — el
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2 L, Sol T00 -5 RIS fie KV T X 0L A 67 B AT
TE— 58 B 25 5%, IS DR AL P RE S 72 S 160 T 00 Y
BEfly L ok — 2D 3 R B F RN AL, R HORE S
5 T 005 UL L A 25 5 REAE B 1= o 1 R B i
R 3 368 L 11 % B 284y A AV 2

ARSCHE T — Rl A ST IR IR Y 58 B 2 A R
T =15 1% 25 % 25 4 d5e 6 6 T 00 73 SR g 7 ik
R TIZITRASE] T 3 AR 6 AN EN AT AR R =
it R AL 1) f 6 e B A 02 L, I 5 J0 e g MR
14 2 T AL S0 ELIR I R I B MR D7 5T 5 4G
RIEAT TR I, EELHBT .

1) SEAFIFEA L, A SO R i T
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