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BUCKLING ANALYSIS AND OPTIMAL DESIGN OF LARGE-SCALE
X-BRACE STRUCTURE WITH OUT-OF-PLANE SUPPORT BARS BASED
ON ORTHOGONAL TEST METHOD
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Abstract: This paper studied the stability of X-supported structures with out-of-plane braces from the
perspectives of mathematical statistics and finite element simulation, and proposed an empirical formula for
critical load based on optimal design, which provided a new solution to nonlinear problems . Specifically, the
geometric design parameters and boundary conditions of the structure were fully considered, and the orthogonal
design was taken as the guiding ideology. Numerical simulations and significant tests of the elastic buckling
phenomenon of asymmetric structures were carried out with the help of multiple factors. The analysis of variance
screened out the significant influencing factors under various stress environments. Finally, an optimal design
solution which considered the effects of significant factors on stability was proposed by nonlinear curved surface
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regression. This study found that the influences of in-plane support geometric design parameters on structural
stability were rather higher than that of out-of-plane support geometric design parameters. In addition, the effect
of outer diameter led the trend of buckling load. However, when both of the in-plane braces were under load, the
position of the out-of-plane support affected the stability of the structure heavily. Complementary, the ratio of the
two X braces’ load affected the load-bearing performance of the system. Tensile stress improved the stability of X
braces. In this article, the perfect ratio ,which was between tensile stress and compressive stress, was 4.85.This
article provided a case reference for the application of the optimization design method based on orthogonal
experiment in actual engineering, and provided an efficient solution for the new complex structure design and the
initial optimization design.
Key words:  X-support structure with out-of-plane support rods; buckling analysis; orthogonal design; optimal
design; finite element analysis; variance analysis
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BRI L BARATRO MO ROR, AN ST R BERURT L AMB IR . TS 2, W Tk e,
PR S 5 6 G T S S PR 8 G50 I R ) B O R 7

S 7 TE 2 I 1 5 A S SRR RE S 0 0L, 0 2 DR B2 4T 077 2R 80 T 30 A
B T e B H A TAN ST X SR PE RO BT, THE T % B0 1 P 2
HHEF T, A5 T RS 4.

T4 BFZFHhEREYREEER

ESEN 3T HHE B7 F P
LAY 5686545.741a 58 98043.892 25.055 0.000
g i 5t 13876.926 3 4625.642 1.182 0.392
VapuE s 475980.219 15 31732.015 8.109 0.008
& 73142.515 3 24380.838 6.230 0.028
Gout 6083.018 3 2027.673 0.518 0.685
L 48141.452 3 16047.151 4,101 0.067
Doutt, 37608.429 3 12536.143 3.204 0.105
TLl 75170.932 3 25056.977 6.403 0.027
Doutt, 238940.241 3 79646.747 20.354 0.002
T, 16427.076 3 5475.692 1.399 0.331
DoutL, 31915.674 3 10638.558 2.719 0.137
TL3 90705.240 3 30235.080 7.727 0.017
Ly 141599.832 3 47199.944 12.062 0.006
L 113394.121 3 37798.040 9.659 0.010
Ly, 33796.245 3 11265.415 2.879 0.125
L, 79174.031 3 26391.344 6.744 0.024
WRE 23478.903 6 3913.150
Mit 5710024.644 64
*: R 77=0.996

ST 4 WAL, ST R 75(99.6%) KT 85.0%, UEBA AKX IEAC IS B A itk 8 o MRAEATEG K
AR, AT 248 A LRKEERLG]. TS FF LR, MAPSCIEBEE . AT 2 KR AT 1 BEJEAN X $k
SRS I 5 AT R R 2, ORI B U7 25551, WA MIRRE TR A R

BEAh, I 5 2 A A B B A AR i b AT AR e e RS, B 3 RTBLE Y, BN
BT S5 40 (1l 5 B BT AR, HA K e @ MR i s e 2o st Be vt [ St in 285X
G 1 e R DT T
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Wi w00 Lk ) n g =X,

ﬁﬁﬁﬁﬁ

AAAAAA

B 5 s e S A £ S b P

PRkl FRIRE HIA T LA R R ATE R 25 R B 4 WAL ARRE i KB MR R
M2 245 F=20.354 4T 1 K JE L F=12.062. /734 5 5% AF F=9.659 4T 1 K JiF F=8.109. [fl 7} 3 ##8% JE F=7.727
FF 2 K F=6.744. ¥ 1 B2 F=6.403. X ¥ F=6.23. WAk, AT B2 50, B2 /1150
S RME THANSCHEFT X BN 53, AR mR . Sigit %8 Rms, i E. mit
IS AN SCIEEIMEX S AR e PR R A R, RS HO I L ih 2 far #04 AH A sg i, HL T P S
FEAME B LA A 7 2Qx i et wb P 5 e R Pt v o

ZE LFTIR, B FCERAT 32 A T AN SCHEART X FE 45 MR e MR A B I v] LSRR TR P S M2 K/ N R Ak
MK X TR Z 0L, T A% R A S AME . KEELLG], KRB, ksl ifER .
32 fiiigit

BN R E R AT H R T &M S HOS 2 Fa e YR m, (HX Ak —AN . B 7 E SO
RH, BLFEZRPKFEEAR, X s DRSS A B 12 38 S B HERh 1 7 e ih 2 s
e . R TR T AF (8O SCRF, AN S W35 MR IR 1 Al AT 7Rk T IR A8 158
3.21 E&t

XTS5 R AT 32 DG 0L N BIERS BT, TE RN ER 3 IR 5 R, JEEC T A = K BT A S K
FE Ly MASCEMIME R IR BN E, KRS e, FE0L—Bilh 5 e dhaam /E e e e
ks, B ERIEMIERR, REEFET 3 FER 9 KFrRLE R, BERREMACFEITHNE 5
Fis e

ooooo

®5 BFZNEATRIGHHERKEERL, ()

R Ls(mm) Dout-L1 (mm) Dout-L2 (mm)
1 56000 300 200
2 58000 400 260
3 60000 500 320
4 62000 600 380
5 64000 700 440
6 66000 800 500
7 68000 900 560
8 70000 1000 620
9 72000 1100 680
Ji] 5 PR+
R 7o L L L,, L,
TV d Sy o5l ) 7 05 100000 0.5 100000
ex eout TLl TLZ Dout-L3 TL3
90 90 28 28 762 28
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EARA T AP SCEAT X IREHILEXT 2 i, HAE AR Bt S8R — e R RORHR, H2
F R E VLA Z 5. DI et i 25 S 2 18] 22 7 o W2 AT 4 DB S8 E VAR YRR B
ARk, PG A SCEERFAME Doy, ~ FHREELRHI Ly« KB L MERGTR EL Bl FoR S HRDE, FFLL
— il S AT PR AR . RS, UEFE T 4 BRIER 9 KT IIIERNIESS R, RAREERAMAK BN 6
B

£6 WAFRNHER TR ERKER Ly, (4°)

F5 DoutL, (mm) Ly I—1(mm) R / R,
1 200 0.68 110000 -10
2 300 0.70 120000 1
3 400 0.72 125000 1
4 500 0.74 130000 3
5 600 0.76 135000 6
6 700 0.78 140000 9
7 800 0.80 145000 12
8 900 0.82 150000 15
9 1000 0.84 155000 18
EFT
B 4 Ls Do, Ly, L,
FOVF ab i ARl ) A2 A% 43586 1372 0.5 100000
HX gout TL1 TLZ Dout—L3 TL3
90 90 28 28 762 28

3.2.2 HALZ I FEA

ALV HAZ o e TRE M BB . B o, DAZIARRIRR B AR &, RS2 45 A A e 1 1) S5 38 5 )
&Ko B AL BT B A T A8 B ) 7 90 A0 I 225 1 1E S5 36 1) Je A B D5 M R, AT DMV F 2 I &R 05 40
M7, T o Re e PR 25 DAt Je S 7 R R 48 o

BARME, 805, A2 0T IEAS G 1 FARE RN R 7 fis: R 77=99. 6%>85. 0% ,
R, <005, R, <005, R, >005, FAJMHEZRKEA G AR, AHRRRERE BT

R TIRIATR T, 10 A ST AMEXS SRS E P FEM R 2, HLSE M RE I K T A1 ST R R S H A e
PERIRZ I, 2 AR A R B R E TR L 4. ZR BT, TN SCEMAMES S A2
IO SR BT B R R R R A

x®7 BFZHERTRAGOTEEEERN AR R

iSES eSSyl H A ¥ F P

s 135317.978 25 5412.719 557.400 0.000
Ly 11.081 8 1.385 0.143 0.997
D, 679.587 8 84.948 8.748 0.000
D, 35986.111 8 4498.264 463.230 0.000

R 534.086 55 9.711

Mt 135852.064 80

*: R 77=0.996

*[[1-134e



e L T L LT

81.40

o
3

73.84

-
3
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58.72

M8 7

51.16

S

43. 60

36. 04

“ﬂ//ﬁ,ﬁ,’%@

28.48
20.92
13. 36

5.800

6 AR I 82 K R AR A
T FUFFZ A0, A5 Hge 8 Fim, R 77=86.2%85. 0% , P, <005, Py <005,
P s <0.05, DA A B TEA2 IR ELAT G300 3L, LTI SCHERFAT 2 5b . LLBIERAT R4 T
PSCHEREAF LK BELEG, BT Sh SR T 0 4 B B S MRS P RO 2 5 8 B — L T A0
SR I AR e 3D “ TR 5, T4 =% 0 (L REOYS T 05 I, LhHRE BT, 1)
%47 D, =600mm, B /P, =6, Ly=Lyo /L =076. B4, KHEEHMIRHA. MR LRI NS KA
o g by B e o ol TR AT R P O T (0 O O 0T R DR R R S R R MR B, L

J& K 45

P > Fo, > Fu » DIHHFERT =% AR R 1A
®8 WA NER FHMIR AR %

SN KE Syl H ¥ F P
A 179991.927 33 5454.301 9.072 0.000
D, 23265.327 8 2908.166 4.837 0.000
L 1003.046 8 125.381 0.209 0.988
L, 16069.058 8 2008.632 3.341 0.004
AR 67783.308 8 8472.914 14.093 0.000
IRZE 28858.303 48 601.215
Mt 208850.230 81

7E: R 7J7=0.862
2 I s A

184.0

@Wi*ﬁ%ﬂ%%

k=]

€z 0

SL

165.8

=3
|
|
|
1
|
|
|
| ;
| 147.7

|
] 129.5

111.4
93.25
75.10
56. 95

38.80

7
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323 dAF&theh &2
AR il [0 AT FU RS AR B 2 AU E A Xy ISR OR &, XTI 2 0 R ] Gaussian2D

L SER

_ 1(x-cos(@)+y-sin(8) - xc-cos(¢) - yc-cos(6) )
| |

Wy

Z=17,+A-exp (16)

1[—x-sin(€)+ y-cos(9)+xc-sin(€)—yc-cos(e)j
2 W,
L Zp0 A Oy XCh Yo Wi W, 2 [RS8, ARAEREAERE, RH /D Rkt st bl a24, f§
SN z AR UEE 2, (08 227 7 FdRe /N
() =2l -2) @)
% SPSS [ )G, HEIHAK z, A O XC. YO W W, 7} 5)/2-10.88. 252.77. 0.18. 1149.01.
710.84. 745.72 Fi1228.96, [KIUtARL PRI FEN:

z=-10.88+
_1[ x-c0s(0.18)+ y-sin(0.18)-1149.01- cos(0.18)—710.84-cos(0.18)J2
745.72
252.77 -exp (18)
1 -x-sin(0.18) +y-cos(0.18) +1149.01-sin (0.18) - 710.84 - cos(0.18)
2 228.96

B 8 HiF3Z ) Gaussian2D [B] ARk R

XX 52 318 O, K A AR LR P it (513 77 5 - 456 Rational2D #%4LAll Levenberg-Marquardt f1t
WEEHATI G .
_ _Zy+ ApX+Byy+ By Y’ + By’
1+ Ax+AX* + AX® +By+B,y?
KH Zgv Ay Bys By Bogs A A A By By BEIASHL, & SPSS 155 rl 35 B 5 4008-19.04
0.18. 0.31. 0. 0. 0.05. 0.01. 0. 0. 0. HZ[AHFFEAEN:

,_ —19.04+O.18x+0.§1y (20)
1+0.05x+0.01x

(19)
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P19 X577 Rational2D [AI T 2R
I 5 Jo Hh 2847 2 PEAN S5 AR PR A% L AR bR, FEA TR 1 SCHE X BEAT S50 BAAF 52 90, T N SCHE M
MR . TR AME G R e T R IR A DG X T X 32 118 0L, B AE UM 2T, ARS8 T W
SimfrE . N EIME R B A AR e, HEE RS R, G E AR TN SR
PRk, gitab)s thie ytlksR . X7 0 SRR &, Helas . TEE B # e xd gi kR
PEIE SO M e, (ERRTE WA E R EONEE . A, TN SR AT 2R R, diitRE S
HHErieT, B30T REUE 4.85 150, SRR E k.

4 ZEip

ASCAE R T B G InA FROTERET RO Bt T3 BT L TR AN S X R AR ST 52
MU 52 JI I AR R e v, SR TAE R AN R A AR LR rE I e 1 —Ahen i o Bt . Bk s, &
JiE R IR BT A BRIC A SE R T AR ) B 6, IR B 2 IR 7 22 0 W A T e ih S 80h ik
BELMANR. W5, £ LEREGRKIRST, SR T EMBRI et IESSRK:, Il i 3Rk i i =]
VA5 EAR B 1 5 3 R A A i itk BT R 2238 4 3K

BRI, FEJUATRTHSEUR T, TN SCEE BT 2 H00 S5 K A 8 PR ARSI vy i A0 SCHE B 240
Horpii A ST SME R O B2, HAMEBOR S5 AR e Vs o (HAZTIAN ST, BT N SCHE4S s Ao
BB EYMAR R ENE . EIAF KR, SRR E PEXS T P ST 32 T i LA U, Lt
BIHAT R e TR R 3, HY AR fAT 2R unt, SR TE A ITEGE . Son, Im 7 i 8 A
P SCHE B LB TR AR R SRR Ve R R, BUARIGTI 5, 2y 072 Ji i 3ar 1Y 4.85 I, S5
FasE PRt -

FUARRIN W] LA G210 A/ S m s B AN PN SCHE AR i AT BT 52 307 00 A T A0 4% X ST S5 H AR
SEVERZ T ES . BUH. ST,
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