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Fig. 3.1: Cross section of the laminate along a stitch thread.
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Fig. 3.2: Dimensions of the specimen. Stitch pitch and stitch space were both 3.0 mm.
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Digital microscope

Fig. 3.3: Load-unload test setup
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Fig. 3.4: Comparison of results in the static tensile tests between the stitched specimens (S) and

the unstitched specimens (U).
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(a) Stitched

(b) Unstitched
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O Ply crack Load direction 1.0 mm
l Delamination - b

Fig. 3.5: Observed damage states. Ply cracks were observed in the 90° ply at 0.4 % strain, and

delamination appeared at 0.6 % strain at the 0°/90° ply interface.
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Fig. 3.6: Measured results of ply crack density as a function of the applied strain. Crack density
started to increase sharply at about 0.5 % strain, and increased modestly after the

applied strain reached at 0.7 %.
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Fig. 3.7: C-scanned images of the specimens. Delamination in the stitched specimen was

smaller than that of the unstitched one.
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Fig. 3.8: C-scanned images of the whole gauge area (¢ = 1.2%).
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Fig. 3.9: Layer-wise finite element model of a stitched laminate with cohesive elements.
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Fig. 3.10: Comparison between measured and simulated results of ply crack density as a func-

tion of the applied strain.
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Table 3.1: Material properties of a stitched laminate.

(a) Laminate
Longitudinal Young’s modulus E, (GPa) 144.65
Transverse Young's modulus E, = E, (GPa) 9.57
Longitudinal shear modulus G, = G, (GPa) 4.50
Transeverse shear modulus G,, (GPa) 3.50
Longitudinal Poisson’s ratio vy, = vy 0.356
Transeverse Poisson’s ratio vy, 0.49
(b) Stitch thread
Longitudinal Young’s modulus E, (GPa) 148.0

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

Diameter (mm) 1.5

Table 3.2: Parameters of the cohesive elements used in this study.

(a) Ply crack
In-plane tensile strength (Mode I, MPa) 15.0
In-plane shear strength (Mode 11, MPa) 40.0

Out-of-plane shear strength (Mode II[, MPa) ~ 40.0
Critical energy release rate (Mode L, J/ m?) 100.0
Critical energy release rate (Mode II, J/m?) 5000
Critical energy release rate (Mode I1, J/m?) 5000

(b) Delamination

In-plane tensile strength (Mode I, MPa) 30.0
In-plane shear strength (Mode II, MPa) 60.0
Out-of-plane shear strength (Mode III, MPa) 60.0
Critical energy release rate (Mode I, J/m?) 150.0
Critical energy release rate (Mode II, J/m?) ~ 750.0
Critical energy release rate (Mode I11, J /m?)  750.0
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Fig. 3.11: Simulated delamination propagation at the 0°/90° ply interface.
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Fig. 4.2: Dimensions of the specimen with an open-hole.  Stacking configuration was

[~45/0/45/90],s.
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Fig. 4.3: Micro-focus X-ray CT System.

Fig. 4.4: An example of the micro-focus X-ray CT image.
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Fig. 4.5: Soft X-ray images of the specimens.
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Fig. 4.6: Magnified X-ray images near the hole at 0.8% strain.
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Ply cracks

Delamination

1.5 mm

Fig. 4.7: Micro-focus X-ray CT images near the open-hole at 0.8 % strain. The ply cracks

connected the delamination of each interface.
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Fig. 4.8: Layer-wise finite element model of the stitched laminate with an open-hole.
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Table 4.1: Material properties of a stitched laminate.

(a) Laminate
Longitudinal Young's modulus E, (GPa) 120.83
Transverse Young’s modulus E, = E, (GPa) 9.57
Longitudinal shear modulus G, = G,, (GPa) 4.50

Transeverse shear modulus G,, (GPa) 3.50
Longitudinal Poisson’s ratio v, = vy, 0.356
Transeverse Poisson’s ratio vy, 0.49
(b) Stitch thread
Longitudinal Young’s modulus E, (GPa) 148.0

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

Diametet (mm) 7 1.5

Table 4.2: Properties of the cohesive elements used in the damage simulation.

) (a) Ply crack
In-plane tensile strength (Mode 1, MPa) 50.0
In-plane shear strength (Mode 11, MPa) 70.0

Out-of-plane shear strength (Mode 111, MPa)  70.0
Critical energy release rate (Mode I, J/m?) 75.0
Critical energy release rate (Mode 11, J/m?)  140.0
Critical energy release rate (Mode I11, J/m?)  140.0

o (b) Delamination
In-plane tensile strength (Mode I, MPa) 40.0
In-plane shear strength (Mode I1, MPa) 60.0
Out-of-plane shear strength (Mode 111, MPa) 60.0

Critical energy release rate (Mode I, J/m?) 150.0
Critical energy release rate (Mode II, J/m?)  200.0
Critical energy release rate (Mode I1I, J/m?)  200.0
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Fig. 4.9: Simulation results for the extension of the delamination in the stitched model at 0.8

% strain. Delamination extended on the area surrounded by the ply cracks in the

neighboring two layers and the edge of the open-hole.
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Fig. 4.10: Simulation results for the extension of the delamination in the unstitched model at
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Fig. 4.11: Comparison of the simulated delamination extension at the —45°/0° interface be-

tween the stitched and unstitched models.
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Tangential traction force (N)

Fig. 4.12: Tangential crack closure traction of the beam element which is plotted as black circle

in Fig. 4.11.
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Fig. 5.1: Cross section of the material for out-of-plane impact test.
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Fig. 5.5: Soft X-ray radiographs of the impacted specimens.
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Fig. 5.7: Soft X-ray CT images of the stitched and unstitched specimens. White area denotes

the crack penetrated by contrast medium (zinc iodide).
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Displacement (-z direction)

(a) Overview of the finite element model.

0° layer

-45° layer

layer

50°

45° layer

lements in each layer.

e e

.

(b) Arrangement of cohes

Fig. 5.8: Layerwise finite element model for the damage extension simulation under the out-of-
plane indentation load.
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: Table 5.1: Material properties of a stitched laminate.

(a) Larni;gate
Longitudinal Young's modulus E, (GPa) 120.83
Transverse Young's modulus E, = E, (GPa) 9.57
Longitudinal shear modulus G, = G,. (GPa) 4.50

Transeverse shear modulus G, (GPa) 3.50
Longitudinal Poisson’s ratio v, = v,, 0.356
Transeverse Poisson’s ratio v, 0.49
B b) Sti:ch thread
Longitudinal Young’s modulus E, (GPa) 148.0
Longitudinal shear modulus G,, = G,, (GPa) 4.5
Diameter (mm) 1.5

Table 5.2: Parameters of the cohesive elements used in the simulation.

(a) Ply crack
In-plane tensile strength (Mode 1, MPa) 50.0
In-plane shear strength (Mode 11, MPa) 70.0

Out-of-plane shear strength (Mode 111, MPa) 70.0
Critical energy release rate (Mode I, J/m?) 75.0
Critical energy release rate (Mode II, J/m?)  140.0
Critical energy release rate (Mode 111, J /m?) 1400

b) Deiaminatian ;
In-plane tensile strength (Mode 1, MPa) 40.0
In-plane shear strength (Mode 11, MPa) 60.0

Out-of-plane shear strength (Mode III, MPa)  60.0
Critical energy release rate (Mode I, J/m?) 150.0
Critical energy release rate (Mode II, J/m?)  200.0
Critical energy release rate (Mode III, J/m?)  200.0
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Fig. 5.9: Simulation results for the delamination extension under out-of-plane indentation load-

ing.
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Fig. 5.10: Projected delamination area as a function of the energy applied to the model.
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(a) Overview of the mesh

Ply crack in 0° layer

N XN
Ply crack in 45° layer

(b) Crack position of each layer

Delamination front
(d = 22 mm)

3.0 mm
oy
(c) Delamination area and arrangement of

stitch threads

Fig. 5.11: Finite element model for calculation of the energy release rate of each interface of

the laminate.
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Table 5.3: Material properties of a laminate used in energy release rate calculation.

Longitudinal Young’s modulus E, (GPa) 149.83

Transverse Young’s modulus E, (GPa) 7.65
Out-of-plane Young’s modulus E, (GPa) 27.49
In-plane shear modulus (GPa) 3.25
Out-of-plane shear modulus (GPa) 2.57
In-plane Poisson’s ratio 0.281
Out-of-plane Poisson’s ratio 0.177
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Fig. 5.12: Calculated energy release rate distribution of each delamination.
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Fig. 5.12: Continued.



54 HESHTLAKFET ORI RO 3L LR , 95

gle, EFEEOI I VI BEREORAMEEZ, EFVORESRICH LTIy FLESS
7% Fig. 513 IZR ¥, TIT. £FNOD z HIEEEE R, Ml Bk 3oL ¥R »
Eole, WEERIEN 2 = 4.5mm D TH 5, MABEHRICE VT, 2L ¥k
LIRIWRED SN2 1> THRL ML, X HERIEHE TN R =2 2R L7~
#®. —HED L, HREOMINGESC LHWAI A -2 2B LTw5, —F, JEEAH
BRIC BT, @75 & BN 2 166> T, MABUEM L D b Z80cim L, B
REBTE =7 #ET, ZOH—EWMD U, BIREOBEMICHES < & 2ichimL . fie
HOHMTRERE =7 ZRL T 5, EBREE (Fig. 5.7) T, MABIEHKTIZE S 4k
FRETIE CHEDR CGER L T2 DIci LT, JEEARUREN T IR BT 03 ¢ TR ¢
i CHEDSHER L Cuore, ARFHRIC & o TRO & 0k 2 20V ¥R O I X 36T, #
BAETNREEOTRES HEFRBAED L 2OV LR E— 2 2R/ L. FFEEFILT
BEREHOBRTRELRE— I RRL Tk, LihioT, KHBICL->TRD SN x 2
N BRI, FREHLE(B>TWVLBLEEL S,

EE LD LN X EIREIH D EAHBEE L I TRE WAL EET 220, L2
VX Z, E— FI0E HBID A ), & — F UEEABTA ) (093 C LTREL 7280
f6% Fig. 5.14 KR Y, ZZT, €= F I A0 3L X MK (Fig. 5.14(a)) 25, JERE0E

4.5
—O— Stitched
=<3~ Unstitched
E 3
E
w1 M e
g 9
-4
2
E15F
a
L
[ &
0 =

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

Fig. 5.13: Maximum energy release rate distribution through the thickness.
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Fig. 5.14: Energy release rate distribution of each deformation mode through the thickness.
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