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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: Based on the nonlinear flexural finite element model, the stability of the X-braced structure with out-
of-plane support was investigated combined orthogonal test and analysis of variance (ANOVA), and nonlinear
surface regression and neural network method were used for optimal design, which provided a way for the design
of complex nonlinear structures. Specifically, finite element models supporting automated simulations in tabular
form were constructed using ANSYS and SOLIDWORKS. The effects of geometric parameters and boundary
conditions were fully considered, and factors with important influence were identified by significance orthogonal
test and analysis of variance. Then, orthogonal test for optimal design was conducted followed by the structural
optimal design using nonlinear regression and BP neural network. The study found that the influence of the in-
plane support geometric parameters was greater than that of the out-of-plane support, where a larger diameter of
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the in-plane support tube led to a more stable structure. In addition, the out-of-plane support can effectively

improve the structural stiffness, while the junction position will have great influence on the stability. Finally, the

load ratio affected buckling and the tension increased the stability. This paper provided a data-driven optimization

design approach in preliminary design.

Key words: engineering mechanics; buckling analysis; orthogonal test; machine learning; finite element analysis;

analysis of variance (ANOVA); X-brace structure; structural design; optimal design
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Fig. 1 Application of large X-braced structure with out-of-
plane support in practical engineering
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Fig.2 Flow chart of ANSYS & SOLIDWORKS simulation
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Table 1 Significance orthogonal test factor level (single rod)
" 3 BEJE T /mm  BEJET)/mm

1 120 120 60 000 60 60

2 90 90 50 000 45 45

3 60 60 44000 28 28

4 30 30 40 000 15 15
g EOSURR EAE ;ugiﬁ kgﬁﬁ AR

E 12D 3/mm  HEJE T/ mm HIL,, HCASIL,

1 1000 60 0.7 0.7 AV SZE

2 760 45 0.6 0.6 B S 3

3 600 28 0.5 0.7 CHii 28

4 400 15 0.4 0.4 Dt 2 3,
[ Evi SCHEFFL Evi SCHER2 ﬁ/ﬁﬂ}'{%ﬁﬁl ﬁ/ﬂﬂ}'{%ﬁz

E1ED,/mm FHDymm KL /mm  KEL/mm

1 1000 1000 130 000 130 000

2 900 900 120 000 120 000

3 800 800 110 000 110 000

4 685 685 100 000 100 000

5 600 600 90 000 90 000

6 500 500 80 000 80 000

7 400 400 70 000 70 000

8 300 300 60 000 60 000
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Table 2  Significance orthogonal test factor

level (double rods)
! © 3 BEJET /mm  BEJET,/mm
1 120 120 60 000 60 60
2 90 90 50 000 45 45
3 60 60 44 000 28 28
4 30 30 40 000 15 15
3 2
ey A o o N e
Ly Ly Dyy/mm
1 500 60 0.7 0.7 800
2 380 45 0.6 0.6 685
3 300 28 0.5 0.5 600
4 200 15 0.4 0.4 500
1Py [ TPy
e M2 S SRR LG4
EEDymm K EL /mm K EEL,/mm
1 800 120000 12 0000 ABIi %3
2 685 100000 10 0000 AD3i % 3
3 600 90 000 90 000 BCSii 52 3
4 500 80 000 80 000 CD%ii %23,
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5 T SZHEAT252 Py=10 MPali g $ )
6 TN ZHEKF252 Py=1 MPali & 7))
7 1T A S BT 152 P,=10 MPaff 5 [ /7
3 T A S HEFT 152 P=1 MPafi 52§ J)
9 i 4 324 4 152 P,=10 MPafri g # )
10 T A S FT 152 Py=1 MPaff s 7 11
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Table 3  Checklist for structural inter-subject
effects (single rod)

Kz AdE ¥J7 T TR T F R P
A& 3 28 618.703 1.126 0.422
6/(°) 3 101 937.658 4.010 0.085
6,/(°) 3 6058.703 0.238 0.866
Ly/mm 3 179 602.464 7.065 0.030
Dyy/mm 7 137 043.442 5.391 0.041
T)/mm 3 15 840.652 0.623 0.630
o/mm 7 203461.062 8.003 0.018
T,/mm 3 19012.296 0.748 0.568
3/mm 3 15 718.346 0.618 0.633
T3/mm 3 124 407.499 4.894 0.060
Ly 3 98242918 3.865 0.090
\/mm 7 121 571.964 4.782 0.052
Ly, 3 112 345.126 4.419 0.072
Ly/mm 7 94 747.117 3.727 0.083
R 5 25421.679 — —
R 0.991 — — -

Y MTEE 3 EA, S R2=99.1%>85.0%,
HEH T AR IEAZRG A G gi 2 a . #—325)
TS 7Kl s 1AM SCEEAF RS M 1AM
¥ 2 MR IR 22 W i (P13<0.05, Pp;<0.05, Ppy<
0.05), #5ZX=ANHREFET T 451 th 21k
e, A F KL KT P>0.05 B 7 5%
P, AAFEREMEZES, XTABIRNEG S Jut i 25 Ao
PR/ BeAh, TSN Fi5=7.065, 1
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BT AP 3K RN e AR e P sg i (2 3% .

W%4%%,Wﬂ%%%ﬂm,%%$&ﬁ
TR R A g E . Horh, N SRR
Fp,=20.354, ﬁﬂﬁﬂfiﬁ%lxﬁ%tt@ﬂF2”=12062, pill
B F=8.109, Fpy> Fp>F,, FULHHFIH %



266 T T

N

Wi DRI 2%, THT PN SCPE P AR THT PSP KR B A
BRSO 25 M B 8 MR S B O R . AR,
6 JE 7R T I B O AR € M e, RIS N 4
PR A AP ) 22 S T AR B, AR T 1 o 2
2o M St o 2 0 ) n B8 X O o, HL
BT o 285 2 5440 1) W st o 28 BEARG o 0
BT [R5 LA N 23 X 4 10 i i 5 DB AT
W

F4 WFZATEREHREYNEER
Table 4 Checklist for structural inter-subject

effects (double rods)

K& AdE B rEFRRE TF W TP

BIAE 3 4625.642 1.182 0.392
IR 15 31732.015 8.109 0.008
0/(°) 3 24 380.838 6.230 0.028
0./(°) 3 2027.673 0.518 0.685
Ly/mm 3 16 047.151 4.101 0.067
D,,/mm 3 12 536.143 3.204 0.105
T,/mm 3 25 056.977 6.403 0.027
D,,/mm 3 79 646.747 20.354 0.002
T,/mm 3 5475.692 1.399 0.331
D,3/mm 3 10 638.558 2719 0.137
T3/mm 3 30235.080 7.727 0.017
Ly 3 47 199.944 12.062 0.006
L,/mm 3 37 798.040 9.659 0.010
Ly 3 11 265.415 2.879 0.125
L,/mm 3 26391.344 6.744 0.024
W 6 3913.150 - -
R 0.996 — — —
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Fig. 6 Effect of loading mode on the marginal mean of
critical buckling load estimation
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Table 5 Optimization design orthogonal test
factor level (single rod)

e ARSI RE A ST 1A 1 I 9 SCEEAT2 4%
Ly/mm D,/mm Dy,/mm
1 56 000 300 200
2 58 000 400 260
3 60 000 500 320
4 62 000 600 380
5 64 000 700 440
6 66 000 800 500
7 68 000 900 560
8 70 000 1000 620
9 72 000 1100 680

xo BHZNHTHEBRITERREEEREF*E
Table 6 Optimization design orthogonal test fixed
factors (single rod)

W W, fjem i
D 524 0.5 100 000 0.5
Ljmm LEU WS HE qu A T S HERFL
JF6/(°) JES116,/(°) BEJET /mm
100 000 90 90 28
Tymm  [HIAMSHEFFEARD p/mm (6T S HE 8% )2 To/mm
28 760 28
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Table 7 Optimization design orthogonal test
factor level (double rod)

A SCEATERR TN ST L T A SCEAT T hr e

pund
J0

Dgy/mm LEBIL L;/mm P,/P,
1 200 0.68 110 000 -10
2 300 0.70 120 000 -1
3 400 0.72 125 000 1
4 500 0.74 130 000 3
5 600 0.76 135 000 6
6 700 0.78 140 000 9
7 800 0.80 145 000 12
8 900 0.82 150 000 15
9 1000 0.84 155 000 18

R8 WHZAHTEBRITERIREEEREF*
Table 8 Optimization design orthogonal test
fixed factors (double rod)

Mg MIASCEED A SR

WY i 25 4 e ) fi =9)
wRas wmkE ome keww D0
KJFL,/mm
L3/mm Doutl/mm Ly,
ABYI 44 000 1370 0.5 100 000

TS0 WM RE AN ENSERE AN WA
KH0/°) JSH0,/(°) BEJET /mm BEJET,/mm 42D, /mm BEJETy/mm
90 90 28 28 760 28
Mo 1 0 VP HRbR . SR JE, BT 4 E 9K

P IERIEAS K L81(4°).
32 ZRARFESN

A2 MR EAT R 2R, AR R 2 R 5
T3 7253 W 75 vk R 38 BRI e o T ml A ) B AR
BT 5% Wi &5 e A e PRI e s e PR B . BRI
FAATAR DL T TF A2 R 5 1R 3 A [R]85 A R e 9
7R o

x99 BHZAHTHEMEFEYEEER
Table 9 Checklist for structural inter-subject
effects (single rod)

We |l By UESURRETF BEER TP
Ly/mm 8 1.385 0.143 0.997
Dyy/mm 8 84.948 8.748 0.000
Dy/mm 8 4498.264 463.230 0.000
R 55 9.711 — -
R 0.996 — — —

Yk 52 )1 I R>85%, P;3>0.05, Pp<0.05,
Py<0.05, RUEAMA BT IEASR K R R4
N, FLTHT PN 343 8 50 0 5 b e e P D R e S
AN SCHE K LA T 2255 . IRk, S 0TH A 32
BERS 5 AT AR i R .

I3 BT XURE 32 03 1) AR T N K B 36 10 W] LG
th : R>85%, P,<0.05, P;;<0.05, Pp,<0.05,
PR A BTt IEACIR S BT G vk 2 X, Hofm
WA LU 3AT R A 1h A SCPE R LA
X SE R REE PRI 2 2 . R A R — s ]
13 BIXFF 32 g sk g Ky Ve 3D i, Wil 7
iR, D,=600. P/P,=6. L;;=0.75 It} &5 ¥ [ Fa &
PEm U, HACRELOEI R . T SR /D
Ey ISR AR SYrER i N EE I R E | S e T IV E i
oy M g om R m O g M As e s, A
Fpipy>Fpo>Fpyy»  PRIGIE S EE AT 2 far 28 BBORITHT N S
PEE A A ARG i (B ) AR
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Table 10 Checklist for structural inter-subject

effects (double rods)

PSS A ¥y Ji ZEF MR FE B HER TP
D,,/mm 8 2908.166 4.837 0.000
L,/mm 8 125.381 0.209 0.988

L 8 2008.632 3.341 0.004
PP, 8 8472.914 14.093 0.000

7 48 601.215 — —

R 0.862 - - -

v \Jl/’ﬂa\ﬂ? 184.00
o TR 0.00
Lt 165.80
1.00
160 147.70
140
<
£ 120 129.50
2 100 111.40
.\,d\-
= 80
&
ﬁ 60 93.25
@ 0 1.00 75.10
20 0.75
0.t : ge’ES 56.95
_ 025 0.50 &
@Af S 38.80
g 025 iz
774 0.75 & 20.65
ey 0.00
é@ 1.00 250

K7 XURE2 )N g R R sE PR R 3D i &
Fig. 7 3D surface diagram of the stability of the
structure (double rods)

3.3 ARZMHhmEEYS

) HAT 52 ) T 08 Gaussian2D #8 EAT
L=l =, IR e/ = ikl v s A al
VAZH, AL SRR (B AR 25 221 5 A B/ o

1, 1
z=zg+A-exp _EB _EC )



268 G

N

T &
B x-cosf+y-sinf—x,-cosd—y.-cosd
w1 ’
C— —x-sinf+y-cosf+ x; -sinfd —y, - cosd ©)
w2
2 SPSSHl 1 it & 5, Z # 2,=-10.88.
A=252.77.

0=0.18. x=1149.01. y,=710.84. w=

745.72. wy=228.96, 152 A1 B ] R B an
K 8 Froro

5.40
£ 80 20.68
=5
=
i o0 35.96
= 40

5; 20 51.24
B 300 o

3, 200 250 4, B 66.52
Dy, 300 200 ¥

;g‘g% 400 150 wyéx’»
Fry. 500 100 8% 81.80
76[%/ {i—\)é)/
KR

8 A2 J) Gaussian2D [A[JHR5
Fig. 8 Results of Gaussian2D regression
XF TR 32 300, SR ZRALL AR A Ze o il v
Bl ) 75 7%« &5 & Rational2D 4% %1 fil Levenberg-
Marquardt P VEREA TS
20 +Ao1x+ Bo1y + Booy” + Boay’
P At A+ Ao+ Byt Byt )
2 SPSS M HH 5 )5, 4 2p=—19.04. 4y =
0.18. By;=0.31. By=0. By=0. 4,=0.05. 4,=0.01,
A,=0. B;=0. B,=0, 153 XK1 50 [F] V= %5 5 Pl
K9 s

1.0
24.5
£ 200 80
= 71.5
= 150 950
T
= 100 118.5
E 50 142.0
i}i 0 500 W 655
£ 10 400
#,r 0 300 & 189.0
ity 200 & 2125
s 5 236.0

T 15 100@%{%’

K9 XUFZJ) Rational2D [F[JH% 5
Fig. 9 Results of Rational2D
I it 280 47 i P O 4 4 RS € T R 0 FiR
B R SRR BOE R AUFFR B, KT P 2
R DI R A AR E M teAh, A

SCEEAR AR 2 B I, SR RRE TR AT T AR
Tt HAEHARBUL 4.85 50, St RoE M.

4 PR TN

B 57 > R T A e il 4 4 A\ 5
Bt 22 TR) AR SR RN, RIS 2 T LA It Ak 5
VHRALER] . BP 20 W 4 & — Tl e i 22 ) 1) 4% 6
IR 2 S AT 4, AT AR o 1 AR 2 MRS
FIGEN . AR RE T, M TR 28 1Ak
e 8 AR IR RS, 58T Xk
BT IEACEG S R HLAR 2% S AT . BP 42 K
2 TN SR A 10 B

| rocsus | i |
TR AU i
S T BRER
FrifEfl H

A5 P95 g AL
[z i | PRI

| st Al ] BRI |
10 BP 2 M 48 Tt e ]
Fig. 10 Flow chart of BP neural network prediction
4.1 HHETRALIE
N T BR A A BT 1 AT B PR 3% 22 T 5 44 1Y
SO, i SN H i 24T e A AR AL Ab B
A3 B ARPR AL TR — BR 4, @S AT SR A X L
RO . oy, o i A Ak AL A AN [R] A7 5
RARAR B AT BB AL EL, T4 45 2R
HABRKZACHE J) o AEE A8 H] B S 00E PR
AR R R EN B, Bk S, 4546
AR [ K7, AT DK i i i e o A4 1k
N A RE R, TN SRR AR TG AL T N A
FEEE, A Hs BORIIRT Y S8R U e 7 b B
K; = f(Lis, Los, L) (®)

K> = f(Las, Las, Lss) ©

K = \J2Eolo/L§)/Fp, Lis = Di1/ Do,

Los=Diy/Dqy, L3s = L3/Li1, Lys = L11/Ly,
Lsg =P,/ Py

b F, O S i3, Ky o AT 52 I 45k
Joxt WA BE R B K D RURT 52 0 I 54 Je i A R
s Eo O M AT SRR s 1 Oy Je b TR T 5E E



T &

1 2 269

Fis Lo MR HIATICRE s Lyg A1 Lyg 73 59 1T A 32 4%
EWAMEZ L Ly A SCHERTIT Y SCHE R
o Ly TN SCHE LS Lsg APrRLG . Rk
ZHGEE B E K 11,

11 BP HEMELERSHIRER

Table 11 BP neural network parameters
ooy TSI TR T piy
I SR SR =
AMEZ L HMEZ HE Ly, KL,
FiEAi 0.813~0.949 0.720~0.918 0.560~0.720
it AR PAFFRE LK (0.7002~0.8439)
HNAS R TSR N AMEZ L, T SR LU BIL,, PR KL,
JEIH 0.680~0.840 0.720~0.944 -10.0~18.0
i R AT R BLKA(0.6998~0.7771)

TETC N A AL BRI 36l b, Hod b4k 7y vk
4 H bR 3% Lo 4 i, A2 & N— BN E
DTH), I 5 A e I 2% 25 2 T o 5 ) K DX T A
VCPC o AN 50 R TG e XA IR 45 74 S 50R e i
JERBAT T AL AL B, AbPE V5l z-score b
HEth, BPbRIEZRRUELL . et AN

data’ _ dataain = tirain
a atra.in_norm -

(10)

O train

K data’ yin nom APSELININZREE ;s datayy, 7
WREEAE: pgain WL IE ;. Tin W
RIbRAEZE o [ 11 25 HXOURT AT T A0 S 43 P 1 Ji 4 4
AP AR A & S N = A S T AT S UR AR (L LS
Ja BRI L 0, FeEZELN 1, HAF S ARiE
IEA AT R AR HEA 0 B EAT I k.l BUN
PR R AU RO VE SR, 3E e S R RV R B
B JEE AR A ) 7

L5t #(f=0.880, 772£=0.069  © Mlf%ids
ol / v bRiEIL B
N L £ MWL —
v w [ ] w e [ 4
05 L v v vy ww v
vwey v v .y vw v
00k ~-Y___¥yY__Wvbvwvw _ _ _____
4& .
@705 v VvV vVVvyYyy w
BT im0, R
FH-1.0} w vw vww v
-1.5}
20}
72 5 | v v w v v v vy
0 20 40 60 80

Bl
K11 AR AL S R Hn ik 2= 1R
Fig. 11 Residuals of the standardized data
42 FUNEERTH
BP i 28 W4 4% i N 2 L RE R 2 A e R R

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved.

Beo o, WS (FIR. REBEMETTH. B
O 2B e BRI AP A d e DU A 1 BT
W, METFIH A, KHEREE R, HFEE
AT DA S ILASE e (1 FROU A 5 o

B 12 25t T ST IR 200 U1 2 5 SR R4 2K o £ 1]
%, INZRI2E S 00,0096, Badi 2 M 4 oo el
8. WU PR HA tanh, 1EAX 2086 4 5 15 B FRAT G
DA TR AT 1] 13 25 T XURF A i Y1 2 45
FR R BEG, INZRIP) 22 3T %00 0.0024 Bk
JEMEETCECR 10, WS BRECA tanh, 4K 3161 2
Jei A5 BIRUFFE DUARAL TS . BP #2825 1)1l 5
73 20 S A AR A 5 F IR A R e A4S 2 1
gE RV REER S, WK 24N T 0.001, AL
VA R BT TH A0 S P X4k i il K R 50
TR,

0.78 [ VRERRCHE —o— VIZRARHE - =  WARCHR
1 A
féo.%- o 4 ko T g l L LR
R & o o oFra |}
w074k (I} Y% (3 /@f]8 ‘
W SN II% 0 J 919 AT
= 0.72F |4 LT
= 671 ol o ' T
070} o s '
0.68 L~ ' ' s '
0 20 40 60 80
LG R
() YA G,
-3 r N N s
1.4x10 —— iR
1.2x1073 MR 22
CLox107t
;Tg 8.0x10*} |
B 6.0x10%
4.0x10 |
2.0x104F
0.0 L Pttty 11 T S TR AP TT
0 500 1000 1500 2000
AR REL
(b) 12k Hh £k

K12 AR AL IIZRG RAN 0 K R 2 R

Fig. 12 Training results and loss function image (single rod)

0.87 F —— JEIAKUIE —o— LB - & IR E
0.84 | R :
W 081}
i
&0.78-
£075)
H Q

072} ¢l

069f ~ 0 T TR MR
0 10 20 30 40 50 60 70 80

Badm
(a) VZAniAss

http://www.cnki.net



270 L B ¥
6x10 (2] Frede. Brduee S8 A AR T SE (D). K K
- - - YRz P
5x104 | Tk TR, 2020. | |
Chen Anlong. Study on mechanical properties of new
-4 |

fﬂé 410 anti-seismic jacket [D]. Dalian: Dalian University of
It
5 3x107 Technology, 2020. (in Chinese)
a ok MR REMI. b5t BB AL, 2011,

2x107*

Ix10*}

0 500 1000 1500 2000 2500 3000
ESAR//1
(b) % 2k
B 13 XURT AR UL IR 8 SR04 2K R 5 15

Fig. 13 Training results and loss function image (double rods)

5 g
AL 4 IEAS WU 7 v AR i il B e

SN ZRE T Mk AR gt i n]
VA7 VR R 28 I 2 WL 2 2 ik, WL T R AT
T Ah S X PR SR As e e, s br TR N H
I A 2 Al 2 M ) R AL T R A AR S
B, IR TR IR S AR A B T R
N AL T 2% . ApRg e .

(1) 7870 VHF T SR i TR A 50, BATR R
JFE51% T ANSYS Al SOLIDWORKS H451) £

ARL L i AT PRI, SCBL T S HL i BURR
AL B

(2) ARG 45 & IEATIES T 22 DR 25 7 22 03 AT 56 B
TREMWRL: WARZWIFSHhimE 255
W DAL 25 o AR AR b 58 e T A ot IE A IS
iR UBNE(SS e NTTIEINEDRr S Kt T 375 =i i
I e th 2 i 2256 22 2o

(3) i BP 128 I 45 5% R AT Bd 3 AT WL 8y 2
2, NGRSt oAz DL A AT o

WESCR I, JURI S8R, 10N SR
Ay A SO e B AT T N G N A
JE o WAL, THAMSCHERT S5 A SCEEAE T, BT A
B oy W W g5 R AR E R, A BRI
L=0.75 WESE M af o AR RATZTH, 1R S
PERI IS 52 P 8 far i, A M A e PR SE I, A b
JELE 4.85,

EEP S

(11 BESCR. TS AF G M. bt HEvf i, 1992.
Lu Wenfa. Offshore jacket platform [M]. Beijing: Ocean
Publishing House, 1992. (in Chinese)

[10]

[12]

Qiang Shizhong. Bridge engineering [M]. Beijing: Higher
Education Press, 2011. (in Chinese)

A E MR TR M) OB S RO A AL,
2007.

Li Zilin. Bridge engineering [M]. Wuhan: Huazhong
University of Science and Technology Publishing House,
2007. (in Chinese)

FERIRS, B TR, A8 S AT AR S e S8 86 T Ty %6
BTN, A EASEEIAR, 2012(4): 70 — 73.

Du Baisong, Luo Birong. Research on jacking plans for
replacement of supports of crossing suspender arch bridge
[J]. Highway Traffic Technology, 2012(4): 70 — 73. (in
Chinese)

GB 50906—2013, HLAK TV ] 5 &5/ BT ML [S]. db
B o E AR H AL, 2010.

GB 50906—2013, Code for design of machinery industry
workshop structures [S]. Beijing: China Architecture
Industry Press, 2010. (in Chinese)

IR R 3 VR B A A S g A il T e v A 8 6
] AR T hRIES B, 2012, 33(15): 176 —
177.

Zhen Tianhou. Application of steel tube truss structure in
oil field surface construction [J]. Chinese Petroleum and
Chemical Standards and Quality, 2012, 33(15): 176 —
177. (in Chinese)

GB 50017—2017, #4544 B oHVELS]. bt H [ @37
Tk HARAE, 2017

GB 50017—2017, Steel structure design code [S]. Beijing:
China Architecture Industry Press, 2017. (in Chinese)
Jiho Moon, Ki-Yong Yoon, Tong-Seok Han, Hak-Eun
Lee. Out-of-plane buckling and design of X-bracing
systems with discontinuous diagonals [J]. Journal of
Constructional Steel Research, 2008, 64(3): 285 — 294.
JGI 992015, =12 I H s AM 5 M H AR FRE[S]. db ot
A T AL, 2015,

JGJ 99—2015, Technical specification for steel structure
of tall building [S]. Beijing: China Architecture Industry
Press, 2015. (in Chinese)

Wi e 3 . 05 88 SORLAT 25 18 T i A 5% P A6 B o 7K 3
JI[0]. EARTFEFAR, 2011, 44(1): 19 — 28.

Chen Shaofan. Stability capacity of tower cross-bracings
taking account of interaction in buckling [J]. Journal of
Civil Engineering, 2011, 44(1): 19 — 28. (in Chinese)
DL/T 5154—2002, 427% 1% HL 2k B AT 35 45 ) BEH BRI
SE [S]. ALt i Ly H AL, 2012.

DL/T 5154—2002, Technical code for the design of tower
and pole structures of overhead transmission line [S].


https://doi.org/10.3969/j.issn.1009-6477.2012.04.016
https://doi.org/10.3969/j.issn.1009-6477.2012.04.016
https://doi.org/10.3969/j.issn.1673-4076.2012.15.148
https://doi.org/10.3969/j.issn.1673-4076.2012.15.148
https://doi.org/10.3969/j.issn.1673-4076.2012.15.148
https://doi.org/10.3969/j.issn.1009-6477.2012.04.016
https://doi.org/10.3969/j.issn.1009-6477.2012.04.016
https://doi.org/10.3969/j.issn.1673-4076.2012.15.148
https://doi.org/10.3969/j.issn.1673-4076.2012.15.148
https://doi.org/10.3969/j.issn.1673-4076.2012.15.148

T &

)i

e 271

[13]

[14]

[16]

[17]

Beijing: China Electric Power Press, 2012. (in Chinese)
I, AR, VO e T A R B T KRB AR R
Ji BT[] P35 vbidi, 2009, 28(5): 111 — 114.

Li Xue, Li Hongnan, Huang Lianzhuang. Nonlinear
buckling analysis of collapsed steel tower for 220 kV
Guajing Iced transmission line [J]. Journal of Vibration
and Shock, 2009, 28(5): 111 — 114. (in Chinese)

JRHL, B, PR, PN A8 T 2R 52 AT PR
Ji A B R B ST )], LR 4%, 2015, 32(6): 215 —
221.

Cheng Kai, Zhao Erfei, Zhou Zhenping, Sun Wuhe.
Research on chord-buckling-length coefficient of cross-
type lattice boom [J]. Engineering Mechanics, 2015,
32(6): 215 — 221. (in Chinese)

A o B O SCEE T R B R BFFL[D].
IR W R MR, 2016,

Li Hongwei. Study on the effective length factor of
concentrically braced member with gusset plate
connections [D]. Harbin: Harbin Institute of Technology,
2016. (in Chinese)

R, IS AL AN A SR RRE AR IEST D).
IR FPRR, 2018.

Guan Jianwei. Study on stable bearing capacity of X-
braced truss structure of wunequal-angle steel in
transmission [D].
University, 2018. (in Chinese)
BRI, &b, R, 5. T BA WITHRKE TE
S HAT A 0T [I]. TRE 12, 2021, 38(4): 247 — 256.

Li Zhenmian, Yu Yang, Yu Jianxing, et al. Bucking

tower Chongging:  Chongging

analysis of deepwater pipelines by vector form intrinsic
finite element method [J]. Engineering Mechanics, 2021,
38(4): 247 — 256. (in Chinese)

. T AR A IR AT LA 734 [D].
W R 7RI kK27, 2009,

Yan Longhai. Section optimum anaiysis of thin-walled
compressive bar based on orthogonal
method [D]. Harbin: Harbin Institute of Technology,
2009. (in Chinese)

experimental

[19]

[20]

[21]

[23]

[24]

kA, #E, XA, N, —FhEE T RS B L
BEYER AR RN VAT TR )%, 2013, 30(3): 58 —
65.

Zhang Wei, Han Xu, Liu Jie, Yang Gang. A method for
model validation of underground explosion based on the
orthogonal  experimental  design[J].  Engineering
Mechanics, 2013, 30(3): 58 — 65. (in Chinese)

SR, BRIR, 8V, L4 6. JR A T B AN A R
JE F71 54 RS IE ARSI T 5T (0], L2 1 2%, 2020, 37(4):
144 — 152.

Wu Zhaoqi, Wei Yuan, Wang Xintao, Jiang Shaofei.
Orthogonal experimental study on axial mechanical
behavior of locally corroded circular steel tubes [J].
Engineering Mechanics, 2020, 37(4): 144 — 152. (in
Chinese)

T, BEEE, SN AR BE N A2 Mg LA R 2
BEEHEVEI BT ], 8 5 b, 2019, 38(8): 210 — 217.
Wang Tao, Zhai Xuhuan, Meng Liyan. An online
adaptive neural network algorithm and its parameters
robustness analysis [J]. Vibration and Shock, 2019, 38(8):
210 — 217. (in Chinese)

TN, MW, R AL, MR AR R R I R ) 8 )
DAL BETH[I]. TR 12, 2020, 37(K4F): 313 — 319.
Jiang Yali, Yang Gang, Song Honghong. Dynamic
optimization design of extradosed cable-stayed bridge
under earthquake excitation [J]. Engineering Mechanics,
2020, 37(Suppl): 313 — 319. (in Chinese)

BbREE, YLy e, AL HOR. 3T SBFEMAIHLES 2% > (134
B AE B SER[T]. T AR 7377, 2021, 38(6): 36 — 46.
Zhao Linxin, Jiang Shouyan, Du Chengbin. Flaws
detection in thin plate structures based on SBFEM and
machine learning [J]. Engineering Mechanics, 2021,
38(6): 36 — 46. (in Chinese)

KAk, TAREZ. B2 geih 2 M. Jbat: NIGZEEE i
#t, 2015.

Du Maolin, Wang Fuyan. Medical statistics [M]. Beijing:
People's Military Medical Press, 2015. (in Chinese)


https://doi.org/10.3969/j.issn.1000-3835.2009.05.025
https://doi.org/10.3969/j.issn.1000-3835.2009.05.025
https://doi.org/10.3969/j.issn.1000-3835.2009.05.025
https://doi.org/10.6052/j.issn.1000-4750.2013.12.1165
https://doi.org/10.6052/j.issn.1000-4750.2013.12.1165
https://doi.org/10.6052/j.issn.1000-4750.2020.06.0357
https://doi.org/10.6052/j.issn.1000-4750.2020.06.0357
https://doi.org/10.6052/j.issn.1000-4750.2011.08.0564
https://doi.org/10.6052/j.issn.1000-4750.2011.08.0564
https://doi.org/10.6052/j.issn.1000-4750.2011.08.0564
https://doi.org/10.6052/j.issn.1000-4750.2019.06.0327
https://doi.org/10.6052/j.issn.1000-4750.2019.06.0327
https://doi.org/10.13465/j.cnki.jvs.2019.08.032
https://doi.org/10.13465/j.cnki.jvs.2019.08.032
https://doi.org/10.6052/j.issn.1000-4750.2019.04.S060
https://doi.org/10.6052/j.issn.1000-4750.2019.04.S060
https://doi.org/10.6052/j.issn.1000-4750.2020.06.0416
https://doi.org/10.6052/j.issn.1000-4750.2020.06.0416
https://doi.org/10.3969/j.issn.1000-3835.2009.05.025
https://doi.org/10.3969/j.issn.1000-3835.2009.05.025
https://doi.org/10.3969/j.issn.1000-3835.2009.05.025
https://doi.org/10.6052/j.issn.1000-4750.2013.12.1165
https://doi.org/10.6052/j.issn.1000-4750.2013.12.1165
https://doi.org/10.6052/j.issn.1000-4750.2020.06.0357
https://doi.org/10.6052/j.issn.1000-4750.2020.06.0357
https://doi.org/10.6052/j.issn.1000-4750.2011.08.0564
https://doi.org/10.6052/j.issn.1000-4750.2011.08.0564
https://doi.org/10.6052/j.issn.1000-4750.2011.08.0564
https://doi.org/10.6052/j.issn.1000-4750.2019.06.0327
https://doi.org/10.6052/j.issn.1000-4750.2019.06.0327
https://doi.org/10.13465/j.cnki.jvs.2019.08.032
https://doi.org/10.13465/j.cnki.jvs.2019.08.032
https://doi.org/10.6052/j.issn.1000-4750.2019.04.S060
https://doi.org/10.6052/j.issn.1000-4750.2019.04.S060
https://doi.org/10.6052/j.issn.1000-4750.2020.06.0416
https://doi.org/10.6052/j.issn.1000-4750.2020.06.0416
https://doi.org/10.3969/j.issn.1000-3835.2009.05.025
https://doi.org/10.3969/j.issn.1000-3835.2009.05.025
https://doi.org/10.3969/j.issn.1000-3835.2009.05.025
https://doi.org/10.6052/j.issn.1000-4750.2013.12.1165
https://doi.org/10.6052/j.issn.1000-4750.2013.12.1165
https://doi.org/10.6052/j.issn.1000-4750.2020.06.0357
https://doi.org/10.6052/j.issn.1000-4750.2020.06.0357
https://doi.org/10.3969/j.issn.1000-3835.2009.05.025
https://doi.org/10.3969/j.issn.1000-3835.2009.05.025
https://doi.org/10.3969/j.issn.1000-3835.2009.05.025
https://doi.org/10.6052/j.issn.1000-4750.2013.12.1165
https://doi.org/10.6052/j.issn.1000-4750.2013.12.1165
https://doi.org/10.6052/j.issn.1000-4750.2020.06.0357
https://doi.org/10.6052/j.issn.1000-4750.2020.06.0357
https://doi.org/10.6052/j.issn.1000-4750.2011.08.0564
https://doi.org/10.6052/j.issn.1000-4750.2011.08.0564
https://doi.org/10.6052/j.issn.1000-4750.2011.08.0564
https://doi.org/10.6052/j.issn.1000-4750.2019.06.0327
https://doi.org/10.6052/j.issn.1000-4750.2019.06.0327
https://doi.org/10.13465/j.cnki.jvs.2019.08.032
https://doi.org/10.13465/j.cnki.jvs.2019.08.032
https://doi.org/10.6052/j.issn.1000-4750.2019.04.S060
https://doi.org/10.6052/j.issn.1000-4750.2019.04.S060
https://doi.org/10.6052/j.issn.1000-4750.2020.06.0416
https://doi.org/10.6052/j.issn.1000-4750.2020.06.0416
https://doi.org/10.6052/j.issn.1000-4750.2011.08.0564
https://doi.org/10.6052/j.issn.1000-4750.2011.08.0564
https://doi.org/10.6052/j.issn.1000-4750.2011.08.0564
https://doi.org/10.6052/j.issn.1000-4750.2019.06.0327
https://doi.org/10.6052/j.issn.1000-4750.2019.06.0327
https://doi.org/10.13465/j.cnki.jvs.2019.08.032
https://doi.org/10.13465/j.cnki.jvs.2019.08.032
https://doi.org/10.6052/j.issn.1000-4750.2019.04.S060
https://doi.org/10.6052/j.issn.1000-4750.2019.04.S060
https://doi.org/10.6052/j.issn.1000-4750.2020.06.0416
https://doi.org/10.6052/j.issn.1000-4750.2020.06.0416

