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Abstract: The composite end frame joints between large rocket compartments mainly consists of
radial bolt connections and axial bolt connections. This article designed composite material radial
joints and pull-off joints test pieces with different layers and geometric sizes, and conducted experi-
ments to obtain failure loads and failure models. Three progressive damage methods were used to
predict the failure of bolted joints, and the predicted results were compared with experimental re-
sults. The results showed that in the failure prediction results of the composite material progres-
sive damage model proposed by our research group based on micromechanics, the calculation
errors of 15 groups of the radial joints are below 17. 3% and the calculation errors of the 4 groups
of the axial joints are all below 7. 4%. The predicted failure model is close to the experimental re-

sults, verifying the applicability of the model. Finally, the progressive damage method proposed
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by our group was used to reveal the failure mode of the joints. This article can provide available

failure prediction methods for subsequent design research of end frame joints.

Key words: Composite material; Bolted joints; Progressive damage method; Failure load predic-

tion; Failure model analysis
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Fig. 1 Schematic diagram of launch vehicle cabins joints
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3 ZSTRUAmMERERENTEE LD-3 Al 200 50 B 30
Fig. 3 Schematic diagram of three-bolt LD-4 Al 200 20 10.2 2
. . LD-5 Al 200 50 10. 2 20
single-lap radial joints
LD-6 Al 200 50 10. 2 30
L LD-7 A2 200 50 10. 2 30
LD-8 Al 188 40 8.2 24
90° YD-1 Al 200 50 10. 2 30
‘i YD-2 A2 200 50 10.2 30
" YD-3 Al 200 40 8.2 24
0 d
b F2 Z{IRUEREREREHSH
Tab. 2 Structural parameters of three-bolt
single-lap composite radial joints
_ HE K Vi Lz ity BE HEE
G5 WP L/mm b/mm d/mm e/mm  p/mm
I LS1 Al 280 50 10.2 30 40
h LS-2 A2 280 50 10. 2 30 40
. o] — YS-1 Al 280 50 10. 2 30 40
4 HEERESHMERTEE 0
YS-2 A2 280 50 10. 2 30 40
Fig. 4 Schematic diagram of laminates of axial bolt joints ?
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Tab. 3 Structural parameters of laminates of axial bolt joints
RN e il I JEEE h/mm K L/mm YL b/mm L% d/mm
LT-1 Al 4.8 120 120 11
LT-2 Al 4.8 120 120 10
LT-3 A2 4.8 120 120 11
LT-4 Al 4.8 96 96 8
&4 TG800/P802 £ & # 1 J1# 14 AL
Tab.4 Mechanical properties of the TG800/P802 composite material
E11/GP8 E'_)Q/GPa Egg/GPa Glz/GPﬂ Gl’g/GPﬂ ng/GPa Vi2 Vi3 V23
164 9.31 9.31 5.69 2.92 0. 38 0. 38 0.59
X1 /MPa X¢/MPa Yr/MPa Y¢/MPa Z1/MPa Z¢/MPa S12/MPa S13/MPa S»3/MPa
2 424 1583 58.9 255 255 101 101 87.6
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Fig. 5 Experiment loading method diagrams
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Fig. 6 Flow chart of progressive damage method
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Fig. 7 Finite element model of composite material bolted joints
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Tab. 5 Comparison of failure load prediction results and test results

Zhang 5 #1 Camanho & %I Wang & %I
28 51 IR BAT /KN
#Hofr /kN W/ % o /kN ®2E/% ot / kN W2E/%

LD-1 22.7 24.3 7.2 15.6 31.1 13.7 39.6
LD-2 19. 8 22.7 14.9 12.9 35.0 10. 2 48. 4
LD-3 17.9 21.0 17.3 15.9 10.9 13.9 22.5
LD-4 21.0 24.2 15.4 16.0 23.8 13.8 34. 2
LD-5 20. 6 22.7 10. 2 15.9 22.8 13.9 32.4
LD-6 24. 8 24.1 3.0 15.9 35.7 13.9 44. 1
LD-7 23.1 23.3 0.9 16.7 27.6 15.0 35.3
LD-8 20. 6 18. 4 10. 7 10. 8 47.5 9.7 53.0
YD-1 —30.8 —28.2 8.4 —17.5 43.2 —13.3 56. 7
YD-2 —33.6 —28.3 15.8 —18.3 45.5 —15.2 54.7
YD-3 —27.4 —26.4 10. 4 —11.7 57.4 —9.5 65.2
LS-1 66.7 77.2 15.8 59.2 11.3 49. 8 25.4
LS-2 70.4 81.3 15.5 62.6 11.1 58.1 17.5
YS-1 —64.9 —71.1 9.6 —55. 8 14.0 —30. 8 52.5
YS-2 —67.9 —73.9 8.8 —58.8 13.4 —41. 8 38.5
LT-1 22.3 23.0 3.1 10.1 54. 6 9.4 58.0
LT-2 21.7 23.3 7.4 9.4 56.7 8.7 60. 0
LT-3 22.7 22.8 0.4 10.0 55.9 9.2 59.4
LT-4 18.7 18.3 2.1 10.1 45. 8 10.1 45.8
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Fig. 10 The failure mode of 0°-ply of the single-bolt
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single-lap composite joints under compression load

SR LU ZFA CF4E SFIE B PR Bk
i P S T 991 5312 5372 10

1

(e) & = == 0=
8 AFBAMNERSRBLERILE 2
Fig. 8 Comparison of failure mode prediction 3 b g N N M N
results and experimental results ~ =0 -0 -
4
JF = B
5 ERENMBRRYENXSM - > R B
6
& T RK M Zhang *ﬁﬂﬁﬁfﬂiﬁﬁ#*@ E’\J%’i‘i ; ~ -1
L 48 % 2 LS AT 4% 4 Wt % T 4 it 4 -1
S BN O 0° ﬁrﬂﬁﬁbuﬁﬁﬁ/ﬁfﬁ’ﬁk ’
BT LS A BRI B 0% R S R T
fEHL. B 9~& 12 gy A AR 0° L2 1 R 3 X Fig. 11 The failure mode of 0°-ply of the three-bolt
b 1) 3% 2 25 A0 AN ) A RE A )2 X R 2k DTk A 1R, T single-lap composite joints under tension load
HARTE # B2 42 B 2R OB AL, BrRiE 13 5 ih %@%%??ﬁ%g%ﬂﬁ):@ 0
. T N VA g BEH R4E 551 4 it
AP0 0 0 RN L PR 9~ [l 12 o B HE P
| .BR. -
LR JLR Zp4E M EL B R4 Bk - e B e B e e
SV A A R ) B = B = 7] 5 ; . i
1 » - 2 Bl EX K M Bn B B B e G
2B . : i - { L 3 ; : .i. ¥ ;
3 : ® - 4 : : °
4 J C C ¢ < o
5 (a)
5 . » C O ‘. 2
6 . . 6 = < ;
7 L L 7 = ;
8 ' g g "

9 BETHMAE OCERHL=E
Fig. 9 The failure mode of 0°-ply of the single-bolt

B12 =Z5TEHEFLBAOCELRREE

Fig. 12 The failure mode of 0°-ply of the three-bolt

single-lap composite joints under tension load . I .
g P P ] single-lap composite joints under compression load



% 5 S B ) U 60990 T T 7 3 B S AR 3T 27
BN N S K (A N
frfi 45 brff E45 YY) 4r)E 4y Bidh & % 3k
450 . Fl | F ¥
e . R EIEE C1] Al S0, GEAR. FERBIZ PG B & BORHEOR N
X HEm I [T, A MR, 2008, 25(1D) ¢ 1-10.
Vo i i e e A [20 BEERE, 6T, XN, %, T ALK BRIP4 19
90° i S | B RLZE G AR AR B v o 507 e S AL A B LT .
13 WEEEILAEREHEE FALEPREA, 202305, 5543,
Fig. 13 The failure mode of bolt hole pull-off joints 3] hEAUaBRBe. 5 & bR S T LM, JEst. A
Z Toll A . 1994,
EAM 1~8 FoR 0°)2 th 2 FIHHE fil X 5% 3] 4 % i (4] BAIEE, T35 0. Joib & & A kL& 352 45 W o0 b o i
8 ANEREE . WA R A M. dbst: dbatfinas il K R kL, 2015,

T O FIE 10 T, 42 2 bl Bk 2 H 10 h [5] UJ?@“iZ‘FJi’ ﬂﬂ‘ﬂ‘ifi:. Cl‘?‘RP ”Elﬁ;iﬂﬂ?%ﬁ?ﬁiﬂﬁﬁ
RN FE AR T 072 2% R D) EF 2 2 AR TR SR o
Z??ﬁ—%ﬁiﬁjﬁﬁ] RN IR G0 53 T2 R {B%% [ 6] Camanho P P, Lambert M. A design methodology for
SLE A f T AT A R R mechanically fastened joints in laminated composite
S AL A LA AT T 072 R AL 2 LS AL A % 58 materials[ J ]. Composites Science and Technology.,
AR VR PRy QN VAL 5 ) P NV 3 DR S 2 R ) 2006, 66(15) : 3004-3020.

E. M 12 ATH, BEEMRE ZATEEA MRS (7] Liu FR. Zhao L B, Mehmood S Q. et al. A modified
ﬁﬁ?—l‘d 0° )2 A 2 L 41 4E JE 45 e %, £F 4k -3 1z|§ failure envelope method for failure prediction of multi-
SYIRBORM R4 57 )2 3 3. BB 13 AR, b bolt composite joints [J]. Composites Science and
4 5 0 I U2 6 2 2% 2 0 P 2 Technology. 2013. 83: 51-63.
§iﬁg¥gﬁ,%{$%w%§iygi’ UNGE R [8] LiuFR, Fang Z A, Zhao L B, et al. A failure-enve-
n N lope-based method for the probabilistic failure predic-
AR tion of composite multi-bolt double-lap joints [ J ].
6 %Hit Composites Part B: Engineering, 2019, 172: 593-
602.
I/ZZIK‘)‘C%TXj‘jCﬂ*%%ﬁE%IETJ%*E&}%%%*@ o S [9] Chang F K, Scott R A, Springer G S. Strength of
TR o JE2 3 VA 10 JEE B BETHOT ) A T R OF mechanically fastened composite joints[ ] ]. Journal of
%iﬁgﬁm%’ 1%: ?u%&kﬁﬁ*ﬂ%;ﬁl*ﬁﬁg BT T Composite Materials, 1982, 16(6): 470-494.
SRR TIIN B BERAAT T 3 . R 3 k5 I B3l [10] Zhang] Y, Liu F R, Zhao L B, et al. Investigation on
HATEUE . 5 R M. T U1 122 E S Mk characteristic length testing methods for failure pre-
(iffﬁiﬁiﬁ ﬁj *ﬁ G 2 55( SR %% 'T' , AR Tﬁir SN diction of composite multi-bolt joints[J]. Journal of
PR R AR BT R Z I TE 17. 3% LA T 5 b m) 3% 42 Reinforced Plastics and Composites, 2015, 34 (8):
SR P 2 AR TR 22 7 7 4% LR s B 536618,
AR G 45 s, W E TR A B [11] Zhang ] Y, Liu F R, Zhao L B, et al. A novel charac-
5. SRS T 45 AT T 5 R i 7 Rk teristic curve for failure prediction of multi-bolt com-
WA, T BT AR R, AT 5 M e posite joints[ J]. Composite Structures, 2014, 108:
MRS AT OB USRI RS A e "

o N o . “amanho » Matthews F L. A progressive damage
12':%@]%35( *ﬂ}?éﬁﬁ%gﬁaﬁ[jﬂﬂf, 1B%9€§&1ME; model for mechanically fastened joints in composite
Zilﬁ] ° :%Tf%j%é% *@T{?ﬁﬁﬁﬁﬁ? 0°J U\%ﬁi?i laminates[ J]. Journal of Composite Materials, 1999,
R R, EF LA 2R 8. B g3 )2 5k RORT T 48 ) 33(24)  2248-2280.

}%9&%{?{/3‘3, TE R 46 Bt T 072 DLEF 4 R 46 K 38 [13] Zhang J Y., Zhou L W, Chen Y L, et al. A microme-

21 i LM ST U R ORI 46 03 J= R 8k 2o Tl 3
F 25 AE) LA 2T 2 1 4 2R BORN 2T 4 - B AR 3 U 2R 80k &
A TR) i1 2 5 J= O R AR AR B

chanics-based degradation model for composite pro-
gressive damage analysis [ J]. Journal of Composite

Materials, 2016, 50(16) . 2271-2287.



28

FH SR A

202349 A

[14]

[16]

[17]

SR 4,

Wang ] X, Qin T L, Mekala N R, et al. Three-di-
mensional progressive damage and failure analysis of
double-lap composite bolted joints under quasi-static
tensile loading [ J ]. Composite Structures, 2022,
285 115227.

Cao Y J, Zhi J, Zuo D Q, et al. Mesoscale modelling
of progressive damage and failure in single-lap and
double-lap thin-ply laminated composite bolted joints
[I]. Compos Struct, 2023, 316: 117046.

JE e . G T 4 6 ik 5T B B R 5 R O 3800 O - A L 43
o7 B ge [ D] bt dbatfizs i KR, 2018.
Tserpes K I, Labeas G, Papanikos P, et al. Strengthpre-

(5):20-28.

(18]

(19]

[20]

diction of bolted joints in graphite/epoxy composite lami-
nates[ J ]. Composites Part B: Engineering, 2002, 33
(7): 521-529.

HH . (O 9 TR) MR 7k 22 4 B A R AL L 30 5 B
HOFENRID]. Kb FpRH R, 2021,

ASTM D5961/D5961M-17. Standardtest method for
bearing responce of polymer matrix composite lami-
nates[ S]. 2017.

ASTM D7332-16.Standard test method for measuring the
fastner pull-through resistance of a fiber-reinforced poly-

mer matrix composite[ S]. 2016.

BV, MWL, AR AL G AR 1 R Al ) SR T 4R O BB vk B R R S A D T B AR B L 2023, 7

Citation: Liu F R, Zhang L, Yang F, et al. The failure analysis of the composite bolted radial and axial connection [ J]. Astro-

nautical Systems Engineering Technology, 2023,7(5) :20-28.



