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Fig.1 Schematic diagram of the force model for hybrid bonded-
bolted joint
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Fig.2 Schematic diagram of the single-lap adhesive joint

for open-hole laminates
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Fig.3 Schematic diagram of the shear stress analysis in adhesive

layer under bolt reaction force
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Fig. 4 Schematic diagram of the double spring model for the hybrid
bonded-bolted joint
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Tab.2 Mechanical properties of carbon/glass hybrid laminates
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Tab.3 Mechanical parameters of the Araldite 2015 adhesive layer
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G J/(N/mm) 1

G =G y/(N/mm) 2
U 1.45




248 B T W gk X%

R

BRI - IR A A R A A RS2 DI g a3 A1 115

[90°/45°/-45°/0°/0°/-45°/45°/90°],

(b) R4S
Eleo HMXKXESKHEEMTEE
Fig. 6 Schematic diagram of the tensile test setup and specimens

structure

3 #HEMRE
3.1 BRTEE

% M Abaqus A BRIC o i 0, N7 B/ 3R 42 5
B AR B I - RIR A I A A BR TR . &
HABHZ G R P =4 SR BT C3D8R 4] 43 A , #5
F XA e J22 R FH N 2R 3 8150 COHBDS L4, i = 5
T2 MR T T - T S 29, T AR SR AR AL
A7 JR 0 1 IO A T 5 LA 25 4 5B 442K FH C3D8R Lot it
TR oo FEIRAE B R A HRHE A iz E] %
P 3E A i, 72 10 1) R FH 511 R %K (Penalty ) 152 & EE 482 K]
B, AE I 1) o R R M, RS RO 0. 152 TR
5 KA 19 2 M S 3y 158 ) 20 R, 7 A ) e 5wt it o
PR . ARG A FROTREAL AN 7 FiR .
3.2 EAMBESRETHRGEE

WR/BOR I G A RHE R E T, B ek A4
Ja A0, SR G L RHE RE 2 R AL, I iR AL R
A FEEE WA R . 7E Abaqus BAF P R T
TS BT A0 70 2 PR 0B 2R 4 405 0 T AR R B 4L A2
B AENZ G R BT 51T R H R ROE 55
KRBT 2 PIE A o -8R A e 451
FFrAd I 2 BB, J2 A M i £F 4 5 SR = Rz hir

iy IR A 5 2 G AR A FL 22 ] 0 4 Mk 2 Ay L B SR
e 388 1T R 1) B U0 A7 , 1 1T = 4k Hashin 25 54 v DU 1) Wy
LT Y IO R G R0, FE BE A 4 23 A A 0 o 1
J¥ Vumat S8, AR HA WLSCHR[ 25 ][ 261

e e i

________________________________________________

E7 R-BRAEZRFHERTERTEE
Fig. 7 Schematic diagram of the finite element model for the hybrid
bonded-bolted joint

3.3 REARNEER

LN EAMRHZE G R Z R )ZEBE R AR
RUREALL, B R FH AU A AR 44 56 2 1Y Cohesive HLoT . A<
PG R AR RIR A

O-n Knn 6“
o t=(1-d) K. 5. (27)
g, Ku 8(
E,
Knn - TO
ESS
K, = T (28)
En
Ku - To

o, o DB o SR 37 ) B 58,8,
S35 345 T E RS B RS K, K KM
1 B 2 AU 16D 0 94 B 0 BRI 0) B  TRLEE 5,
VPR ; B, E, 5P 9IRIRJZ 2/ 1E 57 T 5 1)
Bkt T, IRJZ MWL s d I Akt 0<d<1, A0
S 1, K BTR IR 05 (d=0) B8y e 5k
A=) MR WL SRR 27,
396 FH 0 7 3 2 0 2 Sk 052 A 3R 3
X
e = (TP + (55
o, o, .
X000 ol RBRAE T 1 B 2 A1 5 T )
BT s TR IS B 4 £ =1 N 055 OF 2
B
396 FHHE T AE B B 00 2 A Ay 5 R

+<%>2=1 (29)



116 HL Ui

G i 2026 4F

G: ea
G =G +(Gye = Gy )( -

Gy
K, G R HL G AR Sl FUIR ST e B
G c\GyeGue 3R] W 2R B8ORS T By 5 fig i
BCE;G(i=1, 11, 11 ) & Cohesive PG ELA 1) ZF BE
Bi%, G,..=Gy+Gy , G;=G,+G,...;n N Cohesive H.7T
WHE IE R AL, SEATA BROTHEBI , )2 I8 45 i
KFER 0. 1 mm, BJZ M 12 S 8033R 3 PR BB & .
4 WERITSERTE
4.1 KR-BREEEREHERITEIIGIE

T R B GR /B IR 4% 5 A AR R -0
IR G EA T A RIT . K8 s ik 5/
BRI ELhiA A - B 1 £k

Sk (30)

25 -
R 1
o — k2
20 1 ; “ Wi 3
— iR
z 15t — BRRIEM D
= P
& 1ol
5L
0 é L L 1 1 1 1
0.5 1.0 15 2.0 25 3.0
i fmm

B8 R-12RAEREMAMER- B 58 RIER %
Fig. 8 Tensile load-displacement and bolt reaction force curves for
the hybrid bonded-bolted joint

H &1 8 AT I 2 S 5 FROC (B 07 LAY 2 -
(LR R BEA — B, - TR 5 T 445 M 1 o o 2 Ay
YERITR I = P i R 8 n] 730 34> B BL - i )= 7 2k
OB B Z R B SRR R B BL . BT, i
LERE TR B RART B/ N, 25 R T 52 A A T AR e =
TRAH I8 S AR 80N O B2 7R BB B SRR L B
6 PR AT B3 R RS2 PP S ) 7 ) ST B i R A
BIR , 12 A e O 38, I V2 P RE 7 2 A 28 i/, A G

4

i
— HIRt

3
R
=
*79 2
m
1K
;\j:;_\g

1

0 . |

-0.5 0 0.5

Ji2 J2 TE BT AL bR
(a) P=2kN

JZ B B W8 SR Y 28 M O s MR e Ak
R, 65 K BT 52 00 8007 4 1 by R A ZHH, 25 4y M 2 Dk
N AL RS — 8 B BT AT I8 ] A2 /)N | S5 R R A 2
B ERE B

R AR I 5 A BROCT AR KR AT Y %
oo miaR4 nl i, 05 551850 A5 21 A9 f R R B0 1Y
BRZEEBUIN, YR 1A FROTEE B A IE R

x4 RESHERTHEZKRLETILL

Tab.4 Comparison of the maximum failure load between test and

finite element simulation
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Fig. 9 Shear stress distribution curves of the adhesive layer under different tensile loads
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Shear stress distribution in the adhesive layer of composite hybrid bonded-

bolted single-lap joint structure

ZHANG Sheng' ZHU Fuxian'

HU Kejun'

ZHANG Kunlong' ZHANG Zhen’

(1. School of Materials Engineering, Jiangsu University of Technology, Changzhou 213001, China)

(2. Jiangsu Branch of China Academy of Machinery Science and Technology Group Co., Ltd., Changzhou 213164, China)

Abstract: [Objective] Adhesive layer failure frequently occurs in composite bonded-bolted hybrid single-lap joint

structures. An analytical model for shear stress in the adhesive layer was established to provide reference for strength design
and failure prevention of joint structures. [Methods] Firstly, an analytical formula for shear stress in the adhesive layer of
hybrid bonded-bolted joints was derived based on the shear stress calculation formula of adhesive structures and the double
spring model, and bolt reaction forces were calculated to propose a calculation method for adhesive layer shear stress.
Secondly, carbon/glass hybrid composite specimens were fabricated according to ASTM D5961 standard, and tensile tests
were carried out to obtain load-displacement curves. Then, a finite element model was established by Abaqus software, and
progressive damage model and cohesive zone model were introduced to simulate the structural failure process. Finally,
theoretical calculation, test and simulation results were compared to verify the model accuracy and analyze the shear stress
distribution law of the adhesive layer. [Results] The results show that the loading process of composite bonded-bolted hybrid
single-lap joint structures can be divided into three stages: adhesive layer bearing stage, adhesive layer failure stage and pure
bolt bearing stage. The shear stress distribution of the adhesive layer presents a U-shape with high values at both ends and low
value in the middle. The adhesive layer failure expands gradually from both ends to the middle. The error of maximum failure
load between finite element simulation and test is less than 3.3%, and the calculation results of the analytical model are in good
agreement with the simulation results.
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