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Tensile mechanical behavior and damage mechanism of 2.5D woven composite
with double—shear connection

QIAN Kun, JIANG Hao, ZHANG Diantang

(School of Textile Science and Engineering, Jiangnan University, Wuxi 214122, Jiangsu Province, China)

Abstract: In order to clarify the influence of assembly parameters on the connection performance of 2.5D woven composite
materials, specimens with different width—to—diameter ratios (w/D) and edge —to—diameter ratios (e/D) were
prepared. The mechanical behavior and failure modes of the materials under double —lap tensile loads were
analyzed, and the internal damage of the specimens was visualized using Micro—CT technology to elucidate the
damage mechanism. The results showed that the composites could obtain higher mechanical properties when the
hole was made with w/D of 6 and e/D of 3. However, reducing w/D or e/D appropriately could still maintain
comparable strength. When w/D decreased to 4, the material decreased of 3.18% in stiffness and 2.77% in
ultimate compressive strength. And the material decreased of 1.62% in stiffness and 7.19% in strength when e/D
decreased to 2.5. The location parameters of the bolt hole would affect the failure mode of the material. Reducing
w/D made the warp yarn bear more load and the failure mode evolved towards net-tension failure,, while reducing
e/D made the weft yarn bear more load and the failure mode evolved towards tearing failure.
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M, PR, TR 2.5D HLAUE G ADRLE SRS 1Y) 12
VERERAE, W% e AL LA S80S B O HL i e S ¢
F, EAGEREA X S AR, SRR T 2.5D MLAE &
A% AR A AT S MR RS 1 B EE Y TR
AXIERS
UTAER, [ NSNS N BN = S 95 8058 5 bR
AR T W 15T AR AL T e T £ 07 T )
IRIIIY o TEOREF AER i 52026 APRL 7 T, #R 855 3 40
(AR EAEA e - I N 3 A Ay IR
E{T%ﬁU\& A ol o ] FL X B H AR 1 2R AR g
IR, 45 55 s, SR = 4 s ) 2540 B L s i LA
R feft 14 23 100 2 FL 9 il 4 XS4 RE A 0 T PR HAY
)2 AT o Saleh ZEURT Warren SN b T AN [R] = ZEHL
UL HIE 25 il A B0 AT R 2 ), 25 2R
7N, IEACHILE G5 F HA B AT 0y A8 R0 45 42 1o fr) i
T3, WS V34 SR (5 T 200 B 4 2 i, 45w
BT N A S5 R W d AT, (IR B 28 1] In#AY 24.7%~
32.7%. Mounien Z5"F1 Garcia 52V BT T FF5E )
Je B, T 3RAE = HEHLZ AL R S B HAG 85 TR X
B, AEF R, 45 RN A R At R 1Y
BT, R HAG R LS YT £ . TERR AT 4E
B9 Bk B 52 BB RL DT T, Zhang SEPEES T ALY LA
SO IE LB B, TF 3BT 1 & SRR

BRWEi0E 78T P e Y ) 2 ~ S A N T Q’ﬁéﬁéﬂéﬁﬁu
L AR D7 2O S A AP RHERETERE R, {H 2

2.5D HLAVE S AR T, ERAL L S E S5 1 ﬂﬁf&?ﬁ
PERE ] BT 5C 28 14 AN A

2.5D HLAVE S BHAIILAS #5224 , iz il £L i T
SERPRL™ A Bk T 380 T IS AR R A SRR, BHAR
THRPRHHE DR o PIER AR S e e 4
BT B 1T B R B S O A R LA 473 114
-2 ﬂﬂﬁﬁéﬁtix AR TERFALI U ZEN 2.5D

UGS RHESEANERE A . AR
i‘%%ﬁ,ﬁ%ﬂ%ﬂﬁ 2.5D HLEVE A ORHRERE i i 28
7, 10 R ST - R £, 3 i FEA 51 L 70 B 4 R
RO, HF LT AT S LIBTZ 1 HOR (Micro-CT) WL
SRR TR, A5 O HILBE, S T R B R 4
BLESFLIL SRS C R LU 2.5D HLARE &
OB RE A B HR G T, R 4

1 SEEHMRIETE

1.1 KEEMREHE
A H A ZK 1 (Toray ) T700-12K BREF4E , K

22 fBRAHLAE 2.5D WL 4Eifl ik, Hid,
Tl (AR 22 20 %% P RN R 20 %5 B 3 1R 5 A em 1 2 #/
em, 311 6 JZ . FEAEA B E-51 RIS ARG 5023
RUREE A 3 2 1 s e il i B, AR -5 AR A=
T4y R e 3 R R A M R BR A F 5 T8
T BRAT . ZJa, SRR 1% A5 4 p 75
(RTM) T 2B Ak Horh 18 J5 20 0.4 MPa,
AR A 60 °C, [EfLI R 6 h, FeZéHilf5 2.5D Hl
U8 B RPBHR S 300.0 mm x 300.0 mm x 4.4 mm, £F

YRR BCH (45 £ 1)%.
1.2 MiXEKEEFHZE
1.2.1 R$B4Eiath £k

ARSI RS AR, TS ir*? % H w/D
FAAR L e/D X 2.5D HLEVE G0 RHE HEHRE I S2 I
R D GE—1% BN 6 mm, T BN AR T8 w
S FLiIEE e , 3FAFARE w/D F e/D (R

AL S 2.5D HLELUE SRR e

(RISENE , ABFFORRRE S 2 4, BERh R EAT 3
U\Uﬂ [, BARS 5N 1 s, BEiilE 5 23R &
mE 1R,

F1 RERTSIILASH

Tab.1 Sample size and hole geometric parameters

. WEESE  FLHuoiliie FefR ULl A
U w/mm e/mm w/D e/D At
Br-W15 15 18 2.5 3.0 3
Br-W24 24 4.0 3
Br-W36E18 36 6.0 3
Br-E15 15 2.5 3
Br-E9 9 1.5 3

T

_ MWL Ml [ T

—

v

(a) HLHIXFE
1 FAREERETERE

Fig.1 Each group of samples and schematic diagram of

(b) 2R

samples installation

BRIAFRSTSE0T, 25208 ASTMD5961/D5961M -~
17, Procedure A #F47 ., SEERAL S R IR = BB B
UTM5305X J7 BEIRIGHL . it Je b 1 B, 7eialhe
SR XSRS T s Ao AR e B demc an &l 1(b)
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IR BERR T FH 3 Nom, SCH6 LRI 0.5 mm/
min, B PER IR 08, DLEE LIRS BB 15k
T IRAMIA o SEER e B B 3R FH AN 5 8
Jot, R TR A AR, PR AT DL 220 e B A5
AT o

BRI BYRNL ST o SRR & T RARK
gV

_ F;

T = ExDxh (1)
_ Si

&= 1 (2)

Ko Ry i S22 55 ) (MPa) s F; 28 1 2]

AT (N) sk IR AR, AR S g i B 15D il fL

7 (mm) h AR (mm) ;e 24 @ BF 2N AR 55, h i

I 200085 (mm) s K R A, BT EL 1.0,
WEEBTENIE E AR

_ Ao
E= v (3)

A E R ERIEE (MPa) ; Ao SR 1 725 il 2k
HRT UG S BB N 1 3G 5 (MPa) 5 Ae R I g -l AR
i e rhR) a2tk Bt He I AR 3 i
1.22 3 F Micro—CT #9 % B354 345 20 WL R AE
FIH Micro-CT Xt 2.5D HLLLK £F 4E34 E M g &
B MRHEAE AT 1 AR, WSS T % HE hr A 52
55 v = A B 40 o BT AR AR diondo—d2 FEHK AR A
CT Rl R Ge . X FTEHEN 90 kV, HLIN 90 wA . %X
PERAERTE] A 2 000 ms, RFEIRECH 1 860 i, 43R
H 12 wm KFESERUS , B VGSTUDIO MAX 3.4 %
PG AT o XIS AT AL A B

2 GRS

21 NETH

Rl 2 FE 3 43 5 ok A8 i A e R AR 1A% AL B R
N S —Ri AR o A R A ZRARAE , 4 e 2 07
B MZesr M 3 A B B BE 1 WA R B BE, AT
TR B = ML A 1 A998, g iRk B 3 1
HEAE 10% 0 A8 BT, BB 1 P8 e 75 g AR g 34
TP E; BB 2 VI aa & Begi ol
IR BRI PR R, bR Br-W24 Fb AR IR 2]
T REATAT , 12 A B S I 30 5 B Bt 3 PR K3 2
TNEEE I, RS 2T = T SRR R A%

XA AR LA &, BB 2 H Br-W15 il Br-
W36E18 Mk fif fE AT TUE M, Br-W24 7EiZ BLECh
o BBt 3 v Br-W15 I A TEIR B e KAy i o7 B

BBt HrEe2 . B3
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Fig.2 Bearing stress—strain curves of samples in group of

variable w/D ratios
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Fig.3 Bearing stress—strain curves of samples in group of

variable e/D ratios

Je i, BETE RGN, Br—-W24 5 Br-W36E18 7rik 3] %
Kk, th& H R . o, Br-W24 7Ek PR
S o AT R T B B AR B, A8 A E R
609.52 MPa, i5 FI 1 FR 58 J 1) 96.81% , 2 J5 7E 3%
BT TR T R 1 Br—W36E18 38 fa 17472
Vi ELAE 100%0 A8, W8] 2 4ERETE 528.72~625.23 MPa
2 [a), B R B

TEASHAR L 2H v, Br-E15 H BR BR B5 e 3 2 iy
BT IR SR BE AR Br-W36E18 Tk JHM K. Br-
E15 M55 1 ANEME R 114 606.47 MPa,  BfiJe A4S 1 11
2 434.27 MPa, LA 25 K 44.91% , B 5 7E 65.16%0
AREIR B e K307 . Br—E9 7E 52.99% v A% i ik £l it K
By, B AT o BB g T e, HED R R | Bl A H
WD FLIHE 2 2b = A 50 , Bt il o R E L 2b K
H, 25 BRI S A 5 B G L

22 2 7 HRE S R I S5 B i B - 3401
AN 5% FREY Fe 9 2 LA Br-W36E18 SAtRifE I —
b, 15520 4.

& 4 v LUE Y, S8 H 36 mm(Br-W36E18) I
D2 24 mm(Br-W24 ) , MOBHAIEE 554 BR 5 He 5 22 3]
T B 3.18% 1 2.77% fH 4 FE W 2 15 mm(Br-W15)
J& 2 F N REIR IR, 23k 27.97%F1 20.45% .
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Tab.2 Average stiffness and average maximum strength of

samples
IRAE MIBESEI{H E/GPa SR R B -2 0, /M Pa
Br-W15 1.99 + 0.06 515.07 + 28.90
Br-W24 2.68 +0.12 629.62 + 12.50
Br-W36E18 2.77 £ 0.14 647.52 + 21.30
Br-E15 2.72 + 0.03 600.99 + 24.88
Br-E9 1.98 +0.14 456.23 + 28.44
1.0 1.0
B 09t 09
B 08 —=— SRR 08 B
§ A B B 5 %
ozt 0.7 __J[
0.6 : : : 0.6
Br-W15  Br-W24 Br-W36EI8 Br-EI5  Br-E9

R
B4 AESFERESHRRFEREIIT—H
Fig.4 Normalized bearing stiffness and maximum strength

of samples

FEAR DA b A T WAFZE SIS O, H PR R 18 mm(Br-
W36E18)[&ZE 15 mm(Br-E15), W B 51 FRBF 5 i
30 T R 1.62%F1 7.19%, 498 FFEZE9 mm (Br-
E9), —H USRS Bk F) 28.41%H129.54% , Hirp %
FRBT HE o T R 4ot , K AR b bR i . 25
AR, SIRAER w/D F e/D & 248 0, AR R R
S5 BRET o AR AN B . (EU S5 R - A
M TT LAE Y 80 B 45 L RS 1 b4 R 78 38 24 PR 5t
JE HIA B R R
22 EWMIRG SRR D

TESERTIESE 1, Thoppul ZEP2K 52 &M RHERE Y
B — R AOE A G Ry ek 1 R BT TR AL B R R
B IR BRI S MARROE . AR A S
AR AR LU 2 R A 2R T 43 15 D05 R iasE = 43 il
Kl 5 FEl 6 s,

S AL, 7R AR SE AR He gL v Bl B B kR
1) R O v 70 R AR ) % R B 0 2% | e K 3 fr
W Z N, 76 Br—-W15 5 Br-W24 o, i — i 7
24 S B RL, WE 1 A AT DL B K A , 0 AT 4
HIWI i A S SR TF 2L Hop, 27 il < 5 B
S PRI I BEAN , 7E Br-W 15 %A g EIH i
HYERLP AT AR TEBT X IR A S AR5 . B i 1
HNJE ,Br-W24 5 Br-W36E18 (27251 il . a] LA
RV, B 1 I 25 20 7 37 1) 3K fer B TR N, Br—
W36E18 MR Hr sk, el &4
IS, B X Y AR R R T Y R 5

pIRZS YT

TNEUT
flichn SR

fLAEET

(a)w/D=25

RS [

(¢) w/D=6.0
5 TERILARNBRGSRER
Fig.5 Macroscopic damage and failure mode of group with

variable w/D ratio
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Fig.6 Macroscopic damage and failure mode of group with

variable e/D ratio

IX ki 25 A FEAR RS, AL 2 3R 2 () S R TF 240,
5o FEFLJE ISR B R E L Wiy, HALA % ™A 1
A5 Il AR

i 6 ] WL, AR AR UL T, Br-E9 K F AL
A, B AL 2R i S A 403 B B 4 O, 340 IX 0
KECERIE . B4 XN G2 AR I 1, IR Sk
P o FEIRAE I S AT R 25 i AR TR I 3 o T o ) 45
Zh, SHEEHSHNZE 15 mm J5 , Br-E15 MR 48k
BB, 150005 DX Il 2k SR AT &, e 4540 1 v X,
IR A 20 (125 i, 5 Br-W36E18 AL, (HFL A Rl
(AR LA AT Br-W36E18 B A, 7EHF IR X A 45 Br—
W36E18 B A F4
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2.3 EHTF Micro-CT By IR1G FRAE FEIMZR 5 g5 343 an e 7 FiEl 8 s .
T Micro-CT HAHEEE R, il i FLBR R EL , WK hy S b LA R PN BB AT L, 43 R TR
Br-W15 Br-W24 Br-W36E18

X1 X2 X3
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GefdaITa < iR < ek 00 0-50 1.00

7 TEEFCARXEIEE

Fig.7 Profile of samples in group of variable w/D ratios
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Fig.8 Profile of samples in group of variable e/D ratios
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FEh G RS2 REN SR m T 245 W44
Jil, AR AEsh A B N

P& 8 AT, AR 1 A% b 2H BRI 1 Ak 32 A £
AR WIS . WA K AR FF % . Br-E9 % Br-
W36E18 iR IHE e 30, Wr 1 5 4652y 10 I f i /b,
HLW g R0, W N e o B R X i 4
DAL AER G 32 Bl e B9, Bt 2. s, 75
IRFE N B AFAEZ BB R T E A 2D 48, Tot i 3 4340 4
I AR RS SR m TR . SHE XA, e 55
INE SRE I G AR T IR L 7E Br—E9 AT DL gE 3| 20
LAEEARTI e R IE LA s o XFEE Y 7 1 DI
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G, Horb 78 Br—E9 1) Y2 gL B 2 20 2
TG e W/0 , B A R 2R 2b 4

B9 il oA . [’ 9w, 43 LA 11 AL
T H A2y I UITE RS KRR 5 A B LC DL K
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B BB RS, X B 8 e X el i
43, X3 C W 55— X8, o W T 5 i2b Ty )
Sl o 24 /D BN FLIIN 22058 BE AR, ME LU 28
T 2 1 L3, W VR A i 8, o 956 T 00, iR
PR I 50 W Xl N I ER 2]l 2820 A = 5

A, X0 A 5IX3 B 32 BB ESGR /N, 5
TN AEARE , 5 5 A fd ™ A 2 A 5
TE DI, C W Z2 3] ph T 11 b 28 220 b 58 S5 38 110 24T 4
FR RS o B w/D 3K, E2 R Z ARG 2, B
JE X I 2 2b AR b WA ) v TR, 30X
5B I o RIS, SRR I 28y ) i 2k AT 4 R
B UL R AR 2D AR I FF 2L 2 e/ D /NI, 5 R X3Py
b/l AT G 1AL SR8 ) TR, o 2T 90°,
I R 2 287 A e 2D B i/, Bk W 1 P IR S 1 22
RN E >, Ffr £ AP R, W S IX A 58
T2 T KR BE AR T i W 24, [R) i, R i % 1
LT RN PR R ). ARG AT RE T
R 55 AR AR 3t A 2 B0 R R XU HE T iR )
SEVERE KR TR AR IR 24054 . Bl o/D 3m,
AT AR U AR AL, 41K w/D 5 e/D 535120 6 Fi
3 B, LML RE R AT A% 3 2y, B4 X IR
FLIHE b Feh b =i, 2R R,
IER R I A B R 2R A8

553 iif BT
VN 2\ 22\

A % X% =

<1 =% X §

&

H
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wrxx % X L bk sd Xz

(a) LR MR iR B (b) Wy A 3 A7 T
9 HERGSH

Fig.9 Damage distribution of samples
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AT 2.5D HLABRET 4E MG 3 A AR, i
T A HERL S, F9E T MRHEA R LTS 8T 1Y
12470, IR Micro—CT #8545 1 s 180RE Y 6
TSR, S R AEAE 0 A B LT 2845

(1) 2.5D PLEBRAFAER BRFE S G PRME T
SIS w/D K 6.0.e/D h 3.0 IS EHIAL, Al LA
SRATEL = A S A YERE (R BE 2.77 GPa, H BR 7 F 3 i
647.52 MPa) . i 4is/0 5iie L SR b, e Re
ARG 2R R Y w/D RRE Sy 4.0 B R EE I
3.18% , M FRBF TSR IR/ D 2.77%5 24 /D RN 2.50F,
I 558 B 0 B 1.62%F1 7.19%

(2) IR AR R sk )R8 B R AL
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