384 43 X B B % 5 I & Vol.38  No.3
20224F 9 A JOURNAL OF TRANSPORT SCIENCE AND ENGINEERING Sep. 2022

NEHS:1674-599X(2022)03-0048-09

B FREMAMENTH— B S RERET LR

i, B E, T
(kT ks L RIEFR, Bd kiV 410114)

W O T KB LE R JR T AN Ak sl 2R N 7 e R 4 AT A BR TR ARG T — R L T T A MR 0 A
17— REE AR vk o %0718 T A5 H R Jmy 3 404k A FROTAS R b 3 Ay 6 BT , I 2k 1 35t 1 1l 2y - Ay
PR ST 22 RO LR A A B 29 s B, 283l e RITFER AR 20 A i R 80, e il 2 RUBE Sl R A e 4 . DU
YA AR IR AR R 9] AR A R 0 22 US| 55 I T I DX el 1) 2 RS AR 54 iy g AR 5 X
ST WFITEE SRR FEE 14000 13, Jo R 22 OB A L T AT (9 0 13 S RS Ak 58 socis Iy & KT
RBEF I DX a7k 1) 22 RUBEASE IR SR A A5 A B ) 2o VAN 5 A7 AR 2R R T4 v, SRS AT Ak 4 7E BT B AH 2285
Ko BEAI TSI 14 W37 25107 7 0 o7 135 4 A Ak 42 5 PROTASE R 45 BRI o TRBIF 9T IR mT o K R 85 ) 11 J 38 S A 12
1) I R e R7 3 B B AL 45

SRR < N I WA 5 AR 5 2o RUBE RS 5 M DX dal i

RES S TU3ILI XHRARERG A

Research on consistent multi-scale modeling method of structure
behavior based on substructure method

HAN Yan, DAI Canlei, LI Kai
(School of Civil Engineering, Changsha University of Science & Technology, Changsha 410114, China)

Abstract: In order to establish a finite element model for dynamic stress response analysis of large
structure at local details, a consistent multi-scale modelling method of structural behaviour based on
the substructure method was proposed. The local fine finite element model was treated as super-element
by the substructure method, and the displacement constraint equation was established based on the
interface virtual work balance principle. The coupling connection of multi-scale interfaces was then
completed based on the displacement constraint equation coefficients obtained from iterative
calculation. Taking the three-dimensional box section cantilever beam structure as example, the multi-
scale modelling was established using substructure method. The stress response was analyzed and
compared with the multi-scale model based on the rigid region method. The results show that the static
analysis stress field of the proposed method agrees well with the refined whole shell element model,
especially the stress field near the multi-scale coupling interface. However, the multi-scale model
based on the rigid region method has discontinuous stress transition and stress concentration at the
interface coupling, which is different to the refined whole shell element model. In addition, the
transient stress response of the method is in good agreement with the refined whole shell element
model. The research result can be applied to analyze the dynamic stress response of the local key
component of large structure.

Key words:stress response ; substructure method ; multi-scale modeling; rigid region method

s B HA:2021-03-10
EL£WB : FXKARE2AHEE 4 7B H (5167082552)
EHE A (1979—) , &, KPP T R bz i+



% 33

HI6,F R T FREMENEMTA - S REFHEF XA 49

FIAT, R TR 254 1 A7 RG22 i 1 o
— R WUR RS BT A, AT R AR AT IR IT M v
B UL o RS YR S SR B T ST I AR .
PRI T VK A S W 235 4y Jay 300 4 4 3807 Ay 55
52 J3A8 B, 10 Jeg w8 40 Y 3 AR AR AL 1 A % L 5y it
B30 DR, R S A S ALk A Rz i SO D e
MR o MBS PR AS AT B ARG A AL A oA, B
TUE T R BRI R T AR OR, 2 LR RE
4 BIR ) DG 1 58 ILTT 3 o A T kg S A DR R 25 4
AR RR RIS EIPS 2 R L IVA RS R
BARZ — o BB EAE N R T TR 1 A ST T AR
Wr i 22 ROBERERY A5 51 1 7 i 2800 F T AR F B (A
SARHIRLTTIRE o ZE AR N iE TR B A R
ARG AT A BROCAAY, 73 T R AR R N 52
TR S 2% B JRy FR XA B 45 L (%07 R T
RGN RS MELUR E o AEZE R AR LA AR,
R, R2E R SEE R A NI, 76 TR
B R 22 s AR A (R RURE BT 22 [) 4 S T
PEATIE R A B IL[R] A KO B AR EE A/ R
JET R RO H g7 BEBTIESE N R T 4k
TSR I B TR 4 T 0 R AR R R AR R
A 75 WUHE AR T R AT S PRI AR 0BT . BRE
SCAE NI 22 i AR S T TR S R 4B 1 Y
FHEIHT R A S AT — B 2 JUE R 3 4 f it
A7 7 B AR S o M ARy S BB PRI 0 o3 B o TR
TS NG LIRTT R , Xof Jay A AR AR AR
WL 2 18] f) S TRZEA T A 8O 1 L ST T i el R
EE AT o — B2 N AL, S B 1 %) g HL R
AR 45 g W 57 0 S5y ¥ 00 W IO F) [R] 2358 2 SR
F R A BT R oy B AR R, TR EORAY , UL
FICIE e T AL R RE R R e el
A PE S, nl P w8 . KONG A8 N LI R K
TLRBF 9 TR 5t 6 R RMIR A& Bl o 24
TEEH R AR R R SE B K
T Y S AT AR B AT S A R Bl ) i)
WL, RORFEAR 7 it . sl s a7
LER A I R Rl o3l 22 BE AE AR T BN 2
(14 [7] A A i A AR R A ML, 4 Hois T 45 A g JL
T ARLRME AT . R, T8 vk 22 RUBE AU &
e RGN, AT AR AT AR S
URE K AN g Ve

A5 LA AR RE Y A B R A S B, S
A7e B e Sz R B /N ROBERS 40 AR R . 4 5 4
WAL 22 T4 AL B0 . SR, 26T S Wi e
VA 8 22 s AR R, SE BB A0 5 R R 3
FAITAE S AL ARG T, S8 U ST
i, LA UL = 4R R T B TR 2 M S 091, e
T — R A58 BOTHIAT BROTRER RIS 73 3l
Ty Atk 5 NI XA I 2 REATBROTEAS . il
TS LIBT3 AR R AR [R] fof A T B 0 B
5 BRI HT L I AR SR T Ak 2
FUEEA BROTAETY Y ] 5E P R A | 20 R A i
IR D Rl R e BN NAA L ) VA

1 FEWE

FEEME R LRI K. BT4540
M H B EARENE SN A B E. 4 AH
JEE TR FL A BRI 5 - 25 A A % ST AR T R B,
DL 28 A R FHAE G 07 05 R BE R AR E PR BEE
HAa AR EY AN A B E. T4 7EA R
o, PN R R R, AR AMN A S 5
R DR, 25 R AT Y 2 1SR ], S
A A BRI SR8 R i R RASE I R E 1Y

Ji AR FH /N RUBEHRS 200 £k A% 28T, -4 LA
THH . A T2 R R B T T R, SR AR Y Y
iz 8 5 R AR IR R

MX +CX +KX=F (1)
o MO AR X X X 23 R 6 R |
T £ O B )

P (DS B HIE R

':MBB MBS}(XB)_I_':CBB CB{'(XB)-’-
My M \X,) LCy Cil\X,

=) @
o XX 43 0 A /N ROBE AL AEL ) Jey 3 A R 3 Y
SRS ] AR /N REE BT A R A A G s
iR g S /N T A B o R /N R B
b BT S HoA WIS RE K BHJE 35 B C 5 %% 1oy
SRR F R S A2 0 B XS R N 19 40 B o B
=,
e Er 148 W R 7 2, 40N B d R, 2ot

—_—

3



50 x @ A

5 T 2 % 38 %

(3) B S VA 25 Ao NS5 AR A B 2 ) Y O
E Wi

= )= (0 ®
Ky K\ X 0
X, = -KJKy X, (4)

B (O RAK(2), 1520/ RE Jm S AR AL, H
P L ER R R AR, (SR 2 ST LT A E s
BT

MX,+CX,+KX,=F (5)
KM .C K F 3 5 W R EE B e R 5 Y
208 ol e R 24 Dok L2 R I 4 D ) R R I R
ol 288 A7 16 2k 5 X, X, 20 91 Ay 40 D014 38 R I 5 ke
JE A

KA R 22 B L AL X, T X IRA
A (), BIAT R4S X

HERBIVEEA A FRoT B b R F 454
L BT EMCSE DRI, XS 5K
THE AT BRI 51 SO R AR /N, RS T
TR

2 ZRESEBEAE

TEA BRI M v, L9505 R D7 138 5 1 S B
Z2 RO S RS A o 0 - ANSYS H A I X5k
LM U ABAQUS H Y o3 LA 5 O vk A5 2 AT B 5
ko XSETTIEIRAER A, 2 A S 2 R B A
o BT A AR AR T S B 2 RORE AR ) S TR
o ALK B8 T7 L A A [ RUBE A 5 0 S T Ak >R A
BAY AL RSN, 2 S BCIE SR AL 55 i 1A ST A 24
FOTREA A B TR ZEHOR . 4N ANSYS Hrl
A DX 32 Al S T O M, BRIDOR /N RS BT A St Tl
Ak BT K32 B LR RS 56 28 S 29 T5 i, 10
ZREE TR A G PR, 23 T RO A
S ST IV A 3 AN SN ) B vh S TRl TR
ST AR PR Y RO AN S B T i S
Ly e, S 20 RUBE SR L RS Z0 R A 2R F
EIZ A — MO L AR R B P e A E T .
ORAE 0 ) SRR AR, P BE /Y 2% 1R A
AFRE ], s R BT R R 2E . I, A BFSE
12 JH FU D R )P4 0 SRR X ST AT A I
AL HA BRI

2.1 SEBEEHERE

LT FUH R VA Y S TR S O A R A
P R AR T, W 1R .

AN TR) R /N RUBE AR ZE B T AR 5 L 78 29 o 2% A
ATLAFRIR N

C(uy, us)=u, — Cug (6)
A s wy g 73 AN [ RS BT SR A B2 AL TT 1 A
B 5 FLIC Y i S B ALRS ] it ; € S TTRE & 2007
PRI R A

P
CRRUE)

Genm) TPE
UNREE)

E1 FERRERETE
Fig.1  Schematic diagram of the beam and plate connection

ST G AR ICAE AR P Y A BERCH
FPZRANK LAY IR)EE - e BT A 2 F 3 A
P T AR50 1 1 1E {1, 0,0, ), BETEH5 4400 1L
A5 2T B (ool TR TR RE W2
() 7 (0 % G 2%l i o R O P S ke

Xt (6) HEATAESY 15 -

Su, — Jous = 0 (7)
2 By Sug 7331 A [ RUBE B TE F i A SR BT
HB ST S BB )

ST Ak 9 I ARUR M DR D R B 2N

SW, +dW, =0 (8)
Wy = duy P + dv,Q + 360, M
= du,"F, (9)

oW, = [(o5u + 7,80)dA

A,
= if(Uthauvif + Ty Nj&j«v')dA
j=1

= du,'F, (10)
AW, 8W, 2 B AR TS P L Qo M
o3 ) AL R ST R 8 55 o T,
I3 AT b B IE R 5 BT T, Suy By .36, 73
50 g GE BT AT JSAE T IIAL % y 2 T 1] (4 3 S %
Bug Svg I3 ML TC AT R AR SR THT AL x|y T7 6] B 14 25



% 33

HI6,F R T FREMENEMTA - S REFHEF XA 51

k% 5 dug = Ndug ;. dv, = Nj?)vs‘,-\Susvj\ﬁvsvjﬁ%U%j*ﬁ
BAIC SRS AL .y J7 18] 1 BT Y RS 5 N,
M MR ELTCIE pRE; N Ry ST AR AR ST NG A, T
PP BT By F 000 S AR B AR TTHY
=Wl f

A (8)~(10) A1 :

du,"F, + duy"F, =0 (11)
KR () du, = JBu AR (11), 775 .
duy"F, + duy"J'F, =0 (12)
K 12X BB Sus FRIYAL , W15
F,=-J'F, (13)

A (13) e 1T AR 3% 4 T A 2 AR BT
TR ZEWR R A BRI EN,
BF,=[0 @ 0], HaIcFm b iYish.

F,=-0QJ], (14)
A R RBUR R AT B, 2 Q=1 R,
ARG b A b By g [ ST AR AR PR TS
R R AL

[FIF AT A5, P MAE TR WA e 4571 s 1 A%
B RB Y RS 7 S AL B BRG]
M BT A% 388 BsF, DU) AT e ST Ak Al B T A A T )
i‘%iﬁy‘j H

F, =-F,J' (15)
Kbk, (= 1,2, 3) 3 R A AR BTy 5
() B 1l RS R T Sk o IO A B B Y R
KR

fEFR AL AL S I ERE %4 R AU 5
SRR BT AT R RO — 38 Bt Ay
T ) R B R J 0] 38 2k 5 T Ak 2 R R AR
22 SEAAFRAREOEILFZE

DA A SRR G R Ay 4], B T A 2 o ) R Y
TR ANE 2 R o TS, BT AN B
TR 5 7 1 22 RO ARE 7 L 1y Ak X s ) 29
HKAVOREE— B0, BB S /N Besd Al v 1 - i A
WHEMAEAREE X hEAME, BHTHH
K FL A R BTG 8 BT 2 (8] 38 o #E G AE [ 6
B R 2 R TR AR
TR R v T oAb 5 BT MR 1 5
20 WIUEEARET IR T A g T % a5
I DX Sk i 42 . 7R 80 1 5 A 2 b, 43l fin
B A ey 5 [ E AR G A5 R A BRI

— /N B R ST B R R AR A
FAICAN BT S R, A RE A /D G N B AR A R
RIS, K22 2R S ACR

WA N B ST
R TE A TR
I . T
15452 4— : 1 1
\%5 | | B AL
500 %%g
=N A
N %4
i Al e —- I
A S

2 WA A AR
Fig.2 Nodal force calculation model
FERSE IR Y 1 L i o B2 £ P i 25
Ja I A R A S S R AT L
TEHFRICHY IR 2> Bl i o RAF Y R R i
KOS HEFAHT R N T AL FTr e
R, 0 AT Z 0GR, 20 s
Ko ARTTRE RN Z UGS AT B B A
3TN KA R REARBUR 5 oe i 4 (R SR

B Z R SR A R

S E AR

v
7
h 4
KT B 25 AT A
A A G SRR S
v
| A S
B,
v FD
i T
{19 2y sk R

ZBOR R AL

e

v

B3 4Ry AeERAEL

Fig.3 Iterative process of constraint equation

TN R T
SR JH M DX 7 4




52 x @ A

3 ZHREIXILE ST

WY DL YRR Y 8 SR A5 A A Sy o T SR A
TR Y | AR T T A M S AT o — B &
RUBERETRY fy g 57 7, I DA B OTAR Y (1 115 45 2R
YERZS i KW EATXF LB AT X TR 45
oy UL B 22 RUBE ST i R —— = 4R R 5e i
$2, 80T 7 1A AE B R R BT TR
S5k, BN T LS AL A s BT A FROTE R 14>
BT FE5ME S 1A ST RIPE Xk i 2 RO AR
JURERY, IEXT b A3 B3 3 AN S L AE A [R) fof 255 1
(RT3 3 AT 55 A0 0 43 i 1z 45
3.1 TFERREZER

FEOE #Om S R & 4 (a) s o B
300 mm () %8 mm ( %5 ) x40 mm ( & ) , 2 Vi Ay [&]
E 2L TE A i 0T 4% . A ORE S 4% 1) ] R 2
SRPEATRL E = 2 x 10° N/mm?,» = 0.3, H1[d] 100 mm
Bek JH PLANES2 510 A% 41 2 852, P32 H] 7 45 1
2 A OB T, B e R T S RS G 7 R 8 H
A ZE WK H BEAM3 50 # 37 /Y B R v | 5 3
WS H5E, £ 7455002 RER R
Kl 4(b) s, g FHmAt PLANES2 HioT F YT
SEMREEREARE., BRITHE SRS
K 4(c) i, R PLANES2 B T ks 41 40 3% 4~ 4%
FIVE R S % M, 5 3 T T 45 F 75 1 22 R 5 0 A
R

T 73
1
N % }o
J o D
300 L gl
(a) JEIE B Y
BT
12 34
62 41
Y 7h P4 T 63 40
RAT 39
x 2 3 4/ 5 les g 8 9 10 11 12
66 17
67 36
63 35
13 14
e
100 100 | 100

() & T ARk 2 N R

)— S N2
5 I # % 38 %
42 61 60 59 58 57 56 55 54 53 52 51 50 49 48 47 46 45 44 43 34
62 78 88 98 108 118 128 138 148 7158 41
63 71 (77 81187 9197 101/107 111]117 121{127 131{137 141|147 151{157 16140

64 [76 86 196 106 116 126 136 146 1156 39
65 70 |75 80|85 90 95 100[105110[115120[125130 135140145150 155 160 38
66 74 84 194 104 114 124 134 144 1154 37
67 69 [73 7983 89 93 99 |[103109[113 119[123 129]133 139(143 149|153 159|36

68 |72 B2 [o2 |2 2 122 132 42 [152 35
13 1516 17 |18 19 |20 2122 23 24 25[26 27|28 29 |30 3132 33 |14
(c) HFRTTATRY S50

B4 4EHEHRRAY (45 mm)

Fig.4 Cantilever with rectangular cross-section (unit:mm)

BT a5 0 22 RUEERERY  FE 22 AN [/ /s
JRUE AT AT Ab YT A5 TR] 8 57 B8 24 TR 5 R AR KDL
1. FHHCEL .CE2 FI CE3 43 8 7m i 1 b 2 2.
JC R x I7 I i oy 7 e 60 8 DL B % 2 Sl e £
A7 % [ A R T A RS AR R A TEPIRL AL
Uiy it Iy 5 1) B 4 B ) F=9 000 N, 15 45 44
N o B AR A ] 100 mm B2 14 Mises v/ f7 F1 BT
T AT XF oA, S5 R E 5~6 s . A 5~6
TR IR, 8 100 T 5T 450k 0 2 RO R
555 ANk e B oA LG Mises B 1375 8 1 H1 3 W)
HEARG , IR ZER /N Ho EIR A K
Mises v JJ{E 4351/ 843.761.843.755 Pa, Ft K3 )W 1
43514 43.946,43.945 Pa.

K1 LEBAHRFTREZH

Table 1 The coefficient of the displacement
constraint equation
TR CE1 CE2 CE3
6T 1) 1.000 00 1.000 00 1.000 00
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64 0.166 67 0.229 17 0.006 25
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68 0.166 67 0.104 17 -0.018 75
13 0.041 67 0.002 60 -0.006 25
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Table 2 Calculation result of the 3D beam-shell connection model

I KA fmm F/EHIF Mises i J1/MPa M EHTF Mises 3 #1/kPa S5
R TR/ o
FARM MAER A1 WE2 WE3 w1 w2 whs  DOHEE
A 1801 0.559 0.083 0.734 0.677 0.566 0.107 0.107 0.152 e
B 7 0.559 0.083 0.738 0.677 0.566 0.107 0.107 0.152 i
C 606 0.558 0.083 0.866 0.673 0.566 0.112 0.107 0.152 [ J4E

B8 FEaEE

Fig.8 Locations of the nodes
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Fig.9 Mises stress nephogram of each model under shear stress Fig.10  Mises stress nephogram of each model under torque
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Fig.11 Mises stress time history of the node 3 under shear stress
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