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Abstract: In view of the difficulty in obtaining the strength variation coefficient through test due to
the high price of the launch vehicle structure, a simulation method of predicting the strength varia-
tion coefficient based on the measured product datum is proposed. Taking the test articles of an
1 m diameter orthogrid stiffened cylindrical shell under axial compression load as the object, the
technical approaches and test verification research are carried out. The uncertainty of material
properties, geometric dimensions and geometric morphology of the test articles were measured and
counted. The measured geometric imperfections are characterized by double Fourier series and in-
troduced into the perfect finite element model to realize the accurate simulation of the structural
ultimate strength . The polynomial chaos expansion surrogate model is used to realize the efficient
simulation of ultimate strength and predict the strength population coefficient of variation consid-
ering the uncertainly of key parameters. The axial compression failure tests of three test articles
were carried out. The results show that the predicted strength variation coefficient can well enve-

lope the variation coefficient of test samples, has high reliability, and is greatly reduced compared
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with historical statistical data. The research results are of great significance to realize the accurate

quantitative design of structural reliability safety factor and tap the bearing potential of modern ad-

vanced structures.

Key words: Thin-walled stiffened shell; Strength variation coefficient ; Geometric morphology; Simu-

lation
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Fig. 1 Geometric dimensions of ortho gird striffened shells
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Fig. 2 Technical process of implementation
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Fig. 3 Schemes of geometric morphology measurement and characterization
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Fig. 4 Measured geometric imperfection of test articles
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Tab. 2 Comparison of axial compression strength
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Fig. 6 Failure morphology of SJ1 and SJ2

3500
" L e
3000 2785220772212 11 8 FESSEEY
2500
z 1 i
= 2000 _ g .
% ?HM =1020.9, b
]ﬁ 1500 \ 15 B AR5 )dﬁﬁ
2 : 'l-:‘
= 1000 B =1 022.9°
5001 —a— SELTLH( ). T=3 115.4 kN
—a— HIEA %H) 7=3 050.0 kN
ol . ﬁts"‘T28846kN
0 1 2 3 4 5 6
S EALFS mm

B7 SI2MEHE UBMEREYEXILE
Fig. 7 Comparison of axial load-displacement

curves and failure modes of SJ2



5 5

TR RE I A9 7 R I 2 R O B BUAS O AT AT 69

8B L AFTE A R T A B Ak . a5 AN B
PESERI R, AR MUE 1E 1Y 05 5 45 R AR XTI 50 i 22 A
KAE/NT 1000, ] LA 52 87 B BIR i B8 1) 4
P E,

Hi 3 A4~ 12 96 Hi 48 2K A o BE R AR AR 22 R R
0. 006 335 i EL53 BT 45 A 1Ak (19 5 B2 AE A 718 22 R K
H0.016 9, A Vi, RS, R4 3 A
% I8 FLIESUET IS /A s R 0P, Ah 3 R
JE SRS E Mo R B 748 22 RECH 0.014 3,

5 ZWMXITHERESETE R

SARAR 25 23 0] 38 1 A 7l BOE gt 5 B
R Ty PR, (HTE 2R 8 B0 )™ il 20 AR X 45
K], o BB 45 44 i I T T2 AR E
R — i I i A G i G T RO O AT 0 B 5
% EEHEMRERE. A5 RS S 8T
8 LA AN 2 . AN 25 8 L s ) o3 A 9 A2 1K
FTHROARAT A ORE . ROST D 22 51 6 A9 28 22 &R 80 B FR
TESLEE Al b 2 B LA REAS I S5k i A8 22 R AL
AR T B AR AR 22 R B EIR

DR R 2 ) Al R 50k 5 AT R G 20 A 75 B B b
BHELME . ST AR L, 07 FOH5E — 00w 2R
R, e O BT ACRARAE, 42 T
FHAR T 22 201 QA 2 P o U0 4T 3 307 5

R 2 AP ik (PCE) & TR FRHT 2
A E PE U5 0 B O ik SR L 2 A
AR TR 2 T YR K B PLAZ B e A v
IEA i i, JF R M Hermite IEZHE s £, R
A RAF R T7 WCBURE P, RE A AL T AN E R
GEA W AR 22 R PEY . BRSEETRAR K 8 FTR .
5.1 TEXNBEZIMS R

B F R SRR R L IR PR, B R i B
SCRCIRIE . WAk BE L RIS A 58 R RS 3k 7 A
SRIIBEILEAC R R, O T 45 2 3O 58 2 1 72
Wi & Z . P AT T RERE JI R4S 2 B B (A IE 7 3
bR 22 (e £ 30) JEHIN RSBl L2
BORMED . R W, sRERE IR E £, JE R
SRIE R 0. BRACAFFERESS R AR L, Hifl 2 Bk
ARNLMER AR
5.2 REFIHHE

HREPE 5 e o3 M 25250, W S PE R IR o
JE2AZHCER 2 Br2uia, HAl 2 8OR 4t
/R

(?&%Xﬂ‘ﬂl’ﬂﬁﬁ‘%ﬂﬁ%%ﬁﬁ )

!

TR R

A1 BRITE S 53 A

l

Gﬂﬁ%lﬁiﬁ%ﬁﬁ?ﬁ? )

=53 Hr

DERER AR R 2R

&

Z T

B8 HELAMIEZKMEEMBETHERE
Fig. 8 Target practice process of nonlinear buckling

strength of thin-walled structures

WA n AFEPLAE . p B Hermite 2 31 x0T
BIUE P A A

TABENZE R, 2 B2 B, SASEL Br
M2 A0 31 31, % 2 fEREAR T, W E 62 R
FES . DL T 8 SL 05 RAETT IR R L 7 S H
62 AIREHLAS &, K 4 B AU B E 31 2 Huik
A BRICHL B rh, {5 3R A X R B9 A R i R R
TBRAE
5.3 ZWMAMSKEESH

I L DG W AN D D AR APANR/A
(), Bl E 2B R E B

(2)

B =(X"X)'X"Y (3
K. X n X P AR IENHZ SHRE, Y An X1 4E
IER A o
HETT AT ARAF AL G e i, Y FIER 2% e
Y =XB" 4)
e=Y—Y" 5

M AT Xt (8] 05 5 22 gk 22 dE AT e B K B AR
PR B S RG0S

A R i Matlab #2557 #0471, 2 B0
ARE R X5 0.998 2, PR R 3KF0. 997 9,



70 FLBAEEA

2023 4 9 A

5.4 EEITERLAGTZRHTG
IR TE 2 W R T4 10 J7 R A48 1Y 1 IR 5 3
AANE 9 R, ARG IES S, YIS

1200

1000

800 |

= 600

400 +

200}

0

28 30 32 34 36 38
T x 10°

B9 10 FRITHEES T
Fig. 9 Data distribution of 100 000 target practice

e PR 5 55 i b ) PR B B L IR R R S B0 AR 4k
TCH AR

TG P B PR 0 R A 2% 2R B0 B AR G o3 B 45 R
UL 3. MEBE. ROTNHE P51 R i 5 B 2 22 R AL
H0.042 8, Horp AR A AR G PE Ry 77,8304,
Bt S i AT I SV AN I U E I S
22.5% ., FEHFKIEETIE,

TEZ AR . RS AS B a2 1 A 1 i R AR 22
FE00.042 8 Hfilh b, LRAF BB HAH E 15
()3 E AR 2% 2% 0. 014 3 (3 MREARTRAL{E) . A4
) 5 BE SR AR 2 RALHUG{E Ry 0. 045 1,

5.5 HZERSMW

SRR AS AR 22 RBOCH L FLTRAG 1 A AR
ZERBORE T AEUL b T IES o A AR 25 R AR
MURCR R4 3. 128, AT B iyl Sk, (HAR XS D
FGH R 0. 08~0. 124, AR FRHE A FRAK

R3 BETESESHIHBEENBEXRY

Tab.3 Correlation coefficient between strength variation and parameters uncertainty

E X E R, R 0.2 ts h twx twy T
BRRE/ N 2. 20 2. 40 4. 90 .55 0.79 0. 36 0. 65 4. 28
9.66 1.02 87. 69 46. 83 6. 84 2.99 0. 86 100. 0
MR RIS/ %
77.83 22.50

7 FL TG A 9 B A 22 RO, S PR 4
R b L L RS B0 AN 6 7 P 2 B = 1) O3 AT 1 3
Apt . XHE S AR, R A AR AR
SRR, OB - AR L RS
KR E 8 3 1R i 22 A AR R O, X B TR SRR
THOLH NS, MR ROST Al 1 HT 48 1Al 3
OrRARERSY s B RB R T 3 RHEA KU,
BN T 7 ah SRS B, 5 BB A RO 1 2

AR E.
6 HZRRRE

AR SCEE Xz B R O R BE 2 R iR L 9% AR
HOPIBUIR M 1], S BT — b R T S I R
17 BT 45 K 5 AR 22 RO VR . R A SRR
TR £ 445 R 5t JBE A8 2 8 5 EL AT 450 o T A P A [ I
FAXT I S gt Bt . A — R AR, O AR R
ERE NS R R T A B S

SO PR 5 JEE 05 AT SR A5 8 T B R BE
ZER RS B AN B E PR IR 2T AR R S 45 M G it
300 43 JL AT e B3 M 1L B o A R A O 0™ i JE B

AN E PEREAL SRR R, SEELS B RO PERE L 4
FRSF FILATIE B 3 REEA T E ETHE . E— 24
1 o 2 A 2 A MU LU R

2% Uk

(1] #IEH. WHEMETRE.: &t 5% o g8 M. 4t
5 T RAE, 1989,

2] sRERSE, TR, A R B 45 My o B vl SE MRk TH 46 ™
CMOL AL 50 T R . 1994,

[3] BTHH.BA EZWAA4, 5 WAL MM ER
I s EARAE AR BRI AT B Tl AR . 1983,
L4] (smfitE T 85 H. S0 i T M.

JE R [ B Toll th kL . 1978,

(5] #ARZR, sKAT, RUr, 5. 2% 8 5w /9 o A% 52
R e e [T, F A SR B R, 2019, 3(6):
30-38.

[6] Tian K, Wang B, Hao P, et al. A high-fidelity approxi-
mate model for determining lower-bound buckling loads
for stiffened shells[J]. International Journal of Solids and
Structures, 2018, 148/149. 14-23.

[7] Hao P, Wang B, Tian K, et al. Influence of imper-



5 5

TR RE I A9 7 R I 2 R O B BUAS O AT AT 71

[8]

£9]

[10]

[11]

(12]

(13]

[14]

fection distributions for cylindrical stiffened shells
with weld lands[J]. Thin-Walled Structures, 2015,
93. 177-187.

Shahrjerdi A, Bahramibabamiri B. The effect of dif-
ferent geometrical imperfection of buckling of com-
posite cylindrical shells subjected to axial loading[]J].
International Journal of Mechanical and Materials En-
gineering, 2015, 10(1): 6.

Castro S G P, Zimmermann R, Arbelo M A, et al.
Geometric imperfections and lower-bound methods
used to calculate knock-down factors for axially com-
pressed composite cylindrical shells[J]. Thin-Walled
Structures, 2014, 74. 118-132.

Singer J, Abramovich H. The development of shell im-
perfection measurement techniques[ J]. Thin-Walled Str-
uctures, 1995, 23(1/2/3/4) . 379-398.

AT BB T OGN RE T 58 45 48 T 4 i A
M RG], g F12%, 2007, 22(2): 119-124.
FIE . EoTHR. BT RN = 4EE 5 I B R
Wroe[1]. e AR, 2006, 32(S1) . 654-658.

EZE, Y. B, F OB ER ARG R
[J]. e FHARSEE . 2004(6): 12-15.

ARA . T 10 A 58 JLART B e o3 A v A S - £ e MR
BT, 2= W45, 2007, 13(4): 58-63.

Hilburger M, Lovejoy A, Thornburgh R, et al. Design
and analysis of subscale and full-scale buckling-critical
cylinders for launch vehicle technology development[ C]J.

53" ATAA/ASME/ASCE/AHS/ASC Structures, Struc-

[16]

[17]

(18]

[19]

(20]

(21]

[22]

tural Dynamics, and Materials Conference, Honolulu,
2012.

Hilburger M, Haynie W, Lovejoy A, et al. Sub-scale
and full-scale testing of buckling-critical launch vehicle
shell structures [ CJ. 53 AIAA/ASME/ASCE/AHS/
ASC Structures, Structural Dynamics, and Materials
Conference, Honolulu, 2012.

Hilburger M W. On the development of shell buckling
knockdown factors for stiffened metallic launchvehicle
cylinders[ C].2018 AIAA/ASCE/AHS/ASC Structures,
Structural Dynamics, and Materials Conference,2018.
Lovejoy, A.E., Hilburger, M. W., Gardner, N.W.
Test and analysis of full-scale 27.5-foot-diameter stiff-
ened metallic launch vehicle cylinders [ CJ. 2018
ATAA/ASCE/AHS/ASC Structures, Structural Dy-
namics, and Materials Conference,2018.

Wang B, Du K F, Hao P, et al. Experimental valida-
tion of cylindrical shells under axial compression for
improved knockdown factors[ J]. International Journal
of Solids and Structures, 2019, 164: 37-51.

RIS LTI ) R 2 BT 58 B B 0 B E O s i 5
WELD]. K% . KRBT R, 2017.

Seung-Kyum Choi,Grandhi R V ,Canfield R A. %514
AIEEMER I IML PR, T B, Ut BB Tk
fiAL . 2014

T, Ay, B2, A 3 )5 Tr U R A T RE
M Im i Fe ke E ERORDI ST ] R S5 K iE AR,
2014(3) . 38-43.

SIRER AR DT WL 0 e 5, A BE N A 7 3R 8 % 22 AR B0y ELTUAG 7 ik WS [0 ). T B R 4 R . 2023, 7(5) :64-T1.

Citation: Xu W X, Yang F, Jiang L. L, et al. Prediction of strength variation coefficient of thin-walled stiffened shell by simula-

tion [J]. Astronautical Systems Engineering Technology. 2023,7(5):64-71.



