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& Stopper threads ;5) : Stitch thread
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Fig. 6.1: Cross section of the material which has stitching of 6.0 mm pitch.
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Fig. 6.2: Soft X-ray radiographs of the impacted specimens (Impact energy = 0.8375 J/mm).
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Unstltched Stitched (3 mm x 9 mm)
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Stitched (3 mm x 6 mm) Stitched (3 mm x 3 mm)

Fig. 6.3: Soft X-ray radiographs of the impacted specimens (Impact energy = 1.675 J/mm).
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Fig. 6.4: Soft X-ray radiographs of the impacted specimens (Impact energy = 3.350 J/mm).
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Fig. 6.5: Projected area of measured impact damage as a function of impact energy.
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Fig. 6.6: Measured impact damage area as a function of impact energy (data from [6]).
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Fig. 6.7: Measured impact damage area as a function of stitching pitch and space (data from [7])
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(a) “Thin-thread” model

(b) “Low-density” model

o]

Fig. 6.8: Arrangement of the beam elements in (a) Thin-thread model and (b) Low-density

model.
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Fig. 6.9: Simulation results for the delamination extension under out-of-plane indentation load-

ing.
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Fig. 6.10: Arrangement of spring elements in the finite element model for calculation of the

energy release rate.



63 RAHER L UREORINEEZL S ¢ B BRI 111

4.5 T ’
-+~ Unstitched
wemthe-- LOW-density
..... - Thin-thread

T 3t —0O—— Stitched
E
[72]
g 2 2 %
5 %3
B 1.5 + nﬁ
w.a
 VAL..
2 Sl = N
. A -~
o L=

0 5 10 15 20 25
Energy release rate (kJ/mZ)

Fig. 6.11: Maximum energy release rate distribution through the thickness.
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Fig. 6.12: Energy release rate distribution of each deformation mode through the thickness.
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Fig. A.1: Illustrations showing the configuration of the stitch.
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Fig. A.2: An example of the novel stitching technologies [2].
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[1] L. Tong, A.P. Mouritz and M.K. Bannister, 3D Fiber Reinforced Polymer Composites, El-
sevier Science Ltd., Oxford (2002).

[2] R. Kamiya, B.A. Cheeseman, P. Popper and C.T. Wei, Some recent advantages in the fab-
rication and design of three-dimensional textile preforms: a review: Compos. Sci. Technol.

60, 1 (2000), 33-47.
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[1] Y. Yamada, N. Yoshimura and T. Sakurai, Plastic stress-strain matrix and its application for
the solution of elastic-plastic problems by the finite element method: Int. Mech. Sci. 10, 5
(1968), 343-354.

[2] M.A. Crisfield, G. Jelenic, Y. Mi, H.G. Zhong and Z. Fan, Some aspects of the non-linear
finite element method: Finite Elem. Anal. Des. 27, 1 (1997), 19-40.
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Circular crack f' RARRRRRASSS 2
Pressure o m\L\ ; o=
<:::g§§1ﬁl;#/"’ ;
Cohesive elements Unit: mm
(r < 60)
(a) Schematic of the circular crack (b) Finite element model

Fig. C.1: Infinite isotropic material with a circular crack. (a) Schematic of the model. (b) Finite

element model.
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o Theory
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Fig. C.2: Comparisons of the crack growth among various element sizes and fracture tough-

nesses.
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{a) Schematic (b) Finite element mesh

Fig. C.3: A circular plate with an initial crack subjected to out-of-plane loading.

Table C.1: Material properties used in the simulation for the crack growth in the circular plate.

In-plane Yéi‘:ﬁg‘s modulus E, = E, (GPa) 383
Out-of-plane Young's modulus £, (GPa) §.15
In-plane Poisson’s ratio v, 0.316
Uut-of-plane Poisson’s ratio v = vy, 0.262
Out-oi-plane shear modulus G,, = G,, (GPa) 4,18
Mode-I cohesive strength o, . (MPa) 32.6
Mode-1I cohesive strength o e (MPa) 85.0
Mode-I critical energy release rate Gy, (J/m?) 200

Mode-II critical energy release rate Gy, (J/m?) 400
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HCIMORREAGbYE, F2RWTR LM FEEA VS 2 LT, BlR, CABORA
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(a) Crack propagation (b) Load - deflection relation
Fig. C.4: Simulated results of the crack growth in a circular plate.
18 C ICEA9 &% 3k

(1] Rl R, RAEE, BEM BB o R F SR 240 o 47 ISR RAT: BABIGHRE
F4EE 25, 4 (1999), 140-148.

(2] RFSBAZ, BT 1 AP, 5 B, J5E (1976).

[3] H. Suemasu and O. Majima, Multiple delaminations and their severity in circular aximmet-

ric plates subjected to transverse loading: J. Compos. Mater. 30, 4 (1996), 441-453,
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(a) Before propagation
y

(b) After propagation

Fig. D.1: Distributions of stress and displacement around crack tip.
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Fig. D.2: Finite element model around the crack tip (Mindlin plate elements).
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Fig. D.3: Finite clement model around the crack tip (20-node isoparametric elements).
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a {Crack length)

Mindlin plate elementsh

Penalty spring

(a) Mindlin-plate element

a (Crack length) |

Solid elements

Weazk spring

Z

L—*I | Penalty spring

(b) 20-node isoparametric element

Fig. D.4: Arrangement of the spring elements around the crack tip.

NENICHAL 7o, HIEDIE BRI 2 OB h 6, KHAOEH ETHOMNEN 5. ~
TIVT A RFDELLD 6 EHEDEE S 2 EH L 7 (2],

& D B9 2 8E 3

(1] FINEAZ, BB AR, (5 A, B (1976).
(2] #AHE— BB, MR M NRE R O WS R I BT 2075, L8 KLt
X (2002).
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M < BEET 2 ARAAREIR
Dl < IO T XL LRI

532 MiClA, S BBERICHT 2 HRREERT 570, PRSPV CHEESR
+ BENEAEFR ARGl . SAUCESMA LASMHEEMA T & 2D, TRV FMB
EOHEE oo, FHEEFLOBARE Fig E1@) KRT. 7V 40 mm 0PI
L L. HESEAEE S T Bb0E Ui, 1&C ISFIBRLIICHET 5 & L, M6
PEELEVES, o OB EBRWSHEEL, ECMORE S EELIETOLFAF
RN — 72 % C EDbhoTWS (1], &8, AMHTCIE, HIEE#BL. €70
D14 DHEETFTMULT,

EFNE2BOLAL ¥ —THERE N, &L A Y —% Mindlin WEHCHEEINL 7. fiE

AR Beam clements (Stitch threads)

s
il
|
1

40 mm
(a) Schematic of the model (b) Finite element mesh

Fig. E.1: Finite element model to calculate the energy release rate.
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e d

13 [T @ Timoshenko 13 0 CHET 2 LA v — 2T Lick>TETMEL 72,
B BEFIE x HI, y AN 30mm BECERBELRL, £, BEOWREHSLICT S
B, B EEEELOIEREETAGER L 2, * v ¥ 20—fl% Fig. E.l(b) KR,
Fig. E.1(b) DRARME R E FZRT 21 WV EROMEEZTL TR, B CHLTOROER
Tl %y, 2 HATRTIEH LTI VT 4 ZHABAA, 2BDVA Y —Z#EE L. —,
xR I, 2 Ao, BT OAOHEMNEMSRICE ZARICDHSF VT 4 24
Ab MR R L 2, BRI CHEEEIE. 15,4,6,10,16,20mm L ELEE, ZNEN
DL DL F VX IE % VCCT i GHE A8 D 28 2 A THEE L7,
AIRIT I O 7 M % Table E.1 1, MFOMRRB S, 3 CERFRICHT 2200
PR D% Fig. B2 IRT, JEREOEHE. 13 CHEERICED 6 T L 3L X RERRIE—
EThb, Sk, ORI T 2R (1] LR EoTw2, —H, REHHOE
FA T, 1 HERERSKE B> T, TFAFRBEMITRIVICET LTS
Easbin s, S, 3 CHBERICHES T, BEIC X B MR L., BGIc ks S H
PHOMEIC L > T CHBER T 7 7> a vhNEMEh s 2 EMRETH Y, ENFRABR L 2
OKTIC L 2R [2.3] bk BoTw3, ZORIZIE, F(HBR ANITE D
BE. B CHBERSIIM S h S ki D,

Table E.1: Material properties used in the present simulation

(a) Plate
In-plane Young'’s modulus E, = E, (GP&) 56.5
In-plane shear modulus G,, (GPa) 3.50
Out-of-plane shear modulus G, = G, (GPa) ~ 4.18
In-plane Poisson’s ratio v, 0.316
Out‘of‘»plane Poisson’s ratio v,; = vy, 0.262
(b) Stitch thread
Longitudinal Young's modulus E, (GPa) 148.0

. Longitudinal shear modulus G, = G,: (GPa) 4.5

Diameter (mm) 1.5
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Energy release rate (J/mz)
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Delamination radius (mm)

Fig. E.2: Energy release rate as a function of the crack radius.
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