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N ¢ . Prediction of Laminate Failure
Non-linear Finite
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Calculation of Ultimate
Strength & Neutral Axis
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Failure Criteria

Failure Mode

Failure Criteria

o1 <X, 00> X,

Maximum Stress X 0, <Y, 0, 2Y,
lo12] = S1z
g <&l g =&t
Maximum Strain X gy < 5,8, 2 55
[¥12] = Tz
(ﬁ)z _002 (2)2 N (0_)
Tsai-Hill X X (X)? Y S12
=1
Fi0, + Fo0, + Fg01, + Fi10% +
Tsai-Wu X 101 T 7202 T 6012 1101
Fiber tensile failure ¢ 01\? 012\?
g '+ (2 =
Xe S12
Fib essive —071\?2
iber compr d]f= ( 1) >1
failure X
Matrix tensile failure
Hashin

Matrix compressive

failure

Fiber-matrix

shear-out failure




S8 =53 vE2A AP A g8 IEAEL FETIEe

AL, TG TR AP H o7 S o] ULk o] Fof AFA A S} (Stiffness

5% AR 54 5 (amina) oA vk 7]Eol we) gpEo] g shd

A5 =4 A3 29 (material property degradation model) ol wz} 3] 3

o BAE Aok vk AR v EA S S8 ke =4 At

g o] At 1tk [Nahas(1986)]. o]# gt &4 Aol Zdl-2 Al 7FA] Lyt
W T syl &3kt 74 3k% A3l (instantaneous unloading),

AR A sk A3} (gradual unloading) T+ A& 3 29 5% (Constant

25 1,725

Fiber volume fraction (vy) = 0.6
20 - 500 /" HT Carbon- S-Glass- {1,380
epoxy Kevlar 49— epoxy
epoxy
.‘:_n‘-
(=%
§ 15 —11.035
S
2
[
k7
P 10 — 690
‘m
5
[
Aluminum
s | (7075-Té6) aas
0 1 1 1 1 1 1 0
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Tensile strain (%)

a9 4. EFA S} EFvF &4 -AY E(Stress—Strain) #7



constant stress

\\ gradual unloading

Stress

instantaneous w~
unloading
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Strain

Y 5. 5gA EA A 2 [Sleight (1999)]

Am =4 AsE Bdof AbE-H = durdl W2 =714 sk A st
Z5l= Zgho] YATFEE o] & (ply—discount theory) |t} [Labeas et

al.(2012)]. 3" WY, dE7|ES Eehd, d5o] &4 A
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Instantly
Degraded

Material
Degradation

B
-

Strain

1% 6. o] &I E B

10 2 A 2] 8

e

U



¥ 2-2. £7H8 A5 BA A 2

Failure Mode Degradation Rule
Fiber tensile failure E?, = 0.07E,,
Fiber compressive failure EY = 0.14E
Matrix tensile failure EY, = 0.2E,,, G2, =0.2G,,
Matrix compressive failure EY, = 0.4E,,, G, = 0.4G,,
Fiber-matrix shear-out failure G2 =2, =0

2.1.3 AR 2] A5 EA A BF9Y (UMAT Subroutine)

g Aellx= Hashin & 71223 =314 Am B4 As
29 (instantaneous  material property degradation model) <
AFEAA O] Al g EA A BFE (UMAT Subroutine) & 53 7€ 3t

AR O] A B EA ABFE-E Integration Pointel tha] ABAQUS
elel A Jacobian Matrix& AAFste] Al REZte| =& FEo|t), o 7] A4

Jacobian Matrix+ th23 7t}

11 .__:Ix_s _'q.;:-'_ T
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Jacobian MatrixS TA3l1, o5 ABAQUSE wiskstch, nf Ao A

ol 2]gt A o] Nk E o] R R thet A4 9E A S s e

2.2 53A 59 Ao A AF

ABAQUS UMAT
Subroutine
______________ _j,_________________________ | o
Get damage status
(b, d5, dby &) v
l Calculate Strain
£ ={g,} + {As
Calculate stiffness matrix {Ensa) = {end + (A2}

[Cnl

v

Stress Analysis
{O—temp} = [Cn1{5n+1}

v

Evaluate Damage Initiation

F

Yes
Damaged 1

No

Material Degradation

Update stiffness matrix |

[Crsdl

ABAQUS

I 7. AR Y AREY HBEFEY 3

i
Ht

3§ 5 17
12 A7 B =T1LH
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Falzon et al.(2000) 9 345 w7}
Blade—type X7#o] a1, UI7he] B 7FA 7} 22 (Skin) o] 2= o] &= &

O] F WA Afol 9] kAL e BAA| el A3 BAAA Aol 9

gjojt}, S
7tA 9] T wjolt}, Eekal 5 ¢l TR00/924C2 EA X += % 2—43} At} B
T3 350 7 A= RS BAs7] Yaf o Z A 4]/

o O
ar T
o Z3Z = =2 37 5 2~ o
& HE U5 AEE 7S 7 UAEF A9 Ao} el 260F Al@ 7ol &
% (uniaxial) &40 2 slzo] 7Fal Aok
Composite Stiffened UMAT
Geometry of .
5'?;::12? pane ) —>| Definition of input data | Panel Analysis | ABAQUS |7 Subroutine
. Material Propertles |I- --------------- ; i '-"-"-"-"-"':
"i Get damage status :
Identification of initial M @esdELdD, |
structural condition HE T Calculate Strain H
- * ----------------- / 1| Calculate stiffness matrix Enea) = (oad + (82 |1
! / (]
/ i
; Stress Analysis " i

{oremp} = [Cnl{znen}

Initial
Imperfection | Linear Eigenvalue Analysis |}
i

Input data Selection of Buckling H |
Mode !
[ e Fs a |
¥ 1 | Evaluate Damage Initiation |
Posthuck!mg Selection of Structural . itat\c Genlt]aral Analysis A
Analysis lysis Method — - rc-Length Analysis i
Analysis Metho +  Implicit Dynamic Analysis | ,
e
Update stiffness matrix

Analysis | 1
I i *

L " * . Prediction of Laminate Failure || !
initial imperfection 4 Non-linear Finite 1 I '
5 e M T ——————— < i
Element Analysis ~
. Prediction of Debonding s ‘.i i
. [
ABAQUS |

Progressive Collapse
Analysis of Composite hull

Calculation of Ultimate
Strength & Neutral Axis

~

a9 8. BRA RS vy
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Unit: mm

E 2-3. A5 249 AT FH

Stacking Sequence

Skin [90/0,/90/+45/0/90/+45/0]
Web [90/0/90/+45/90/0,/90/+45/+45/90]

¥ 2-4. 3

o\

LEDEL R ERS

Material Properties
(T800/924C unidirectional CFRP)

E, 145 GPa
E, 9.5 GPa

Gz 5.0 GPa

Gy 3.7 GPa

Vp 0.3

X, 2700 MPa
X, 1650 MPa
Y, 55 MPa

Y, 225 MPa
Siz 100 MPa

z A e



2.2.2 A 3173 34 (Linear Eigenvalue Analysis)
Z71HAE avs nEst] A& FxRES s GA A
183k &4 (linear eigenvalue analysis)S a3tk AlA] A|H)

H2YP3t g R BEA BES 271499 Yo Aa5Y

Linear Buckling Analysis Result

15t mode 2nd mode

31d mode 4th mode

¥ 10. AE 9 A I¥11. 48 43 8y 23
2.2.3 7Z3A Yo d e H& (Selection of Structural Analysis
Method)
T T 37HA HHoR APFTh ARA Y wEH-HE
HHH (Newton—Rhapson method) ¢l 7] 9+t static general analysis©| o}
FHA W2 arc—length analysis©]th. AW A ¥ implicit dynamic
analysisolth. WAl FHA WS F4 4 (quasi—static) @ 4]
WiHo]7] wiite] EHdAo R FAolu w4 WAS A EE A%
A4 (mode switch phenomenon) oA X2 THAAS A= A& &2

15 ;H -1”1:11 T
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Inertia Load Stiffness Load Applled Load
a9 12. 54 84 334

A% v el A7 a4 e Faea bE wslel o@
S5 FAd Aut 19 137 2 oHA 7148 nhel 2ol 244 a9l

static general analysis, arc—length analysis® EE A9 X F7koA

o] oty= AyE Hola, F4 &4l implicit dynamic analysis+
FHo] Hi= AS it et B dFoM = SR B st

T-Z 342 implicit dynamic analysis® 474 3t}
700 700
600 600

500 500

Force [kN]
oo
=]
(=]

Force [kN]

w
S
=)

Experiment Result Experiment Result
(Falzon et al., 2000) (Falzon et al., 2000)

Static Analysis =Arc Length Analysis

1 2 3 4 5 € 0 1 2 3 4 5 6 0 1 2 3 4
Displacement [mm] Displacement [mm] Displacement [mm]

a9 13. +%314 43 A3} Static General (&), Arc-length(%), Dynamic
Implicit (%)

16 ; .H -I*F,- 1_'.]'| G

Experiment Result
(Falzon et al., 2000)

——Implicit Dynamic Analysis

U



2.2.4 WA 384 €| AE (Mesh Convergence Test)
Mesh®] Z7]ef] w& &4 Ao FHdel tial AT Mesh e
7]+ longitudinal, transeverse, web % 33Le] tjal| wl#H7py =3t

7+ % (ultimate load), 2= A9 X 3= (mode switch load) o] tj 3t =5 A

AHE S,

BN
il

@Longitudinal

@Transverse

3®Web
13 14. Mesh Size9] ¥3} 94

50 | Mode Switch Load

Force [kN]

Displacement [mm]

a9 15, F3 A B 29 F 3%

A4S FAFeE A3} longitudinal®] mesh F7]i=  15mm,

transverse® mesh F7]+= 20mm, web® mesh 7]+ 12mm7}

AT 5 Atk AF NFS FF 38 nPR HAeIAE
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o
_[ {

2
o
3%
o

; 2% A ey 8}



800 800
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1 oo f—

P | 500 11

700
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g 8 &8 B8
Load (kN)

w

=

2

5
=
8

—e— Ultimate Load —&— Ultimate Load
100 100
—e— Mode Switch Load —a— Mode Switch Load
0 0
0 20 40 60 80 1] 20 40 60 80
Mesh Size (mm) Mesh Size (mm)
@ Longitudinal @ Transverse
80
70 1

—e—Ultimate Load

—&—Mode Switch Load

0 5 10 15 20 5
Mesh Size (mm)
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700

-~ ~Experiment Result
(Falzon et al, 2000) B’

600 ’
——Present Study ’: B
i
500
g 400
8
& 300
200
A, A’ : Mode-switch
100 2 B, B’ : Collapse
0
0 1 2 3 4 S 6

Displacement [mm]

23 17. 43 279} A Ao s &5 W9 -35 B4

® 2-5. A5 22 W A¥ A9 Y4 23

Load Experiment Implicit Dynamic Diff. (%)
Initial Stiffness 178kN/mm 183kN/mm 2.9
Mode Switch Load (A, A) 544kN (A) 511kN (A" -8.0
Collapse Load (B, B") 603kN (B) 591kN (B") -1.9

8888822

a9 18. E= 29 %] @4 - (4 300kN, (3F) 570kN
3 B =)
19 [ ”A‘-] = E” =+

N R

ETIA

=



SNEG, (fraction = -1.0), Layer = 1
(Avg: 75%)

+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01

+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

Composite
Failure

20 - A2ty

e
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1T} [Chetan et al.(2021)].

a9 20. 3 99 24 (Cohesive Zone Model)

SRR BB

B slw Aol

O T3 4
L ER

growth) <=
onset)

Al 2k (delamination

21

E (mixed—mode) 3tz stollA] WA 7hsA4] o]
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A3 % (delamination

=t

=13
=L

Z



contactol] o3t F241S A AsfoF 3t} [Camanho and Davila (2002)].

& e

Mixed Mode =  Mode | +Mode Il + Mode I
a3 21. £3 2 [Ishtiyaque and Shaikh (2017)]

3.1.1 74 WA A (constitutive relation)
EdA} Ha A= o]F A (bi—linear) T3 WA 242 wEc}h &
Zrel gux] (D) & AR Y AA &S yepdoh, AW A ] FH=

21 (D) 2 2ok w&Fe] 2719 (notation) & n 2] Wake YEbY a1, st

i Damage
i 7 Initiation

Damage
3 Evolution |
\\(0 <D<l |

Traction

\ ’
> Separation

[T B TR
(=]



3.1.2 Delamination onset

toll Al A x)d vle] Al Z(delamination

N
ol
<
B
it
k
flr
)

Hors 279 8§ Vst 294w v mate] 7]

Az, Ho AE#HA 7| (maximum  stress criteria, 2 (1))

Abgate] Ui A3 s 9t o bt webd, el Aa A =

—
oX,
ko
[
1o
0%
fols
3
ofo
fol
&=
il
22

3 Gk 3]_

“

rir

ozt ¥% &9 7]+ (quadratic
nominal stress criterion, 2](2))& ®& AlZe] sk T|Fo =R

3-8-31t} [Camanho and Davila(2002)].

t t. t
Max (Z),—f,,—f, =1 - (2)
td "t0 ¢t

(tn) ? ts 2 {tt}z
s LU -1 .3
{tg}J’{tg}J’tg )

3.1.3 Delamination propagation

HRA Y B vE draA g 1A WstE J ek AW e

94, Benzeggagh® Kenaneo] A|¢Hst =3 T 7]FS 3}, o

o
=
2
=
=
os)
>,
oo
=
>

717 Mode I % Mode 1T 3}3] €14 7} t}& 2 & 1]
=

A wWUEE g 9 R . EFREAAY oy

s

} =5 (Energy release rate) < 2] (4) 9} 7Zo] 3t}

23 ] 2-1
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Traction

!

n

Normal mode

Shear mode

% RAR T QPR dEd 4 2 §Y

3.2 2R Y A A5

3.2.1 A= 29 (validation model)
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¥ 2-6~2-8 3 gt}

24 2 M E g



39 25. 8328 AAT 74 A7

£ 2-6. 5@ EA4A

Material Properties of Composite

E, 163.5 GPa
E, 9.0 GPa
Gz 414 GPa
Gas 3.08 GPa
V12 0.32
25 i x‘i—]



¥ 2-7. 8T BAA Y AF A

Stacking Sequence

Skin [45/-45/-45/90/45/0]

Stiffener [45/0,/—45/90/—45/0,/45]

£ 2-8. AFA E4A

Interfacial Properties

o) 20 MPa
a9 30 MPa
o3 30 MPa
Gic 0.2 N/mm
Gy 2 N/mm
G 2 N/mm

3.2.2 724 24 (FE model)

O

L

EaSRE IR

o
u)

= ATZ2E Fakstel A AW

9 26 3 2ol #

bl B ARE THE 9%

ftlo
ol

1/2 Rdlg nagd iy Arasds 11y

B A= ABAQUS 9] 2D Shell 2491 S4R 242 RHF ) 2=
surface based cohesive contact =& 53] Zd ¥ g},

a9 27 9F o] AAZAL Test set—up = 183} constraint
point M= U2,U3,UR1 & &L, el = UL, URZ,UR3 &
743t} k0] 7Fal A= Loading Point A+ Reference Point A

U2=—20mm & A A3}1, Reference Point ¢} Loading Point &} A}o] ]

MPC T+427& 2404,

26 "-:l:" I "Nl-.|- 1_-li [£ 5



Composite

Plate Cohesiv
Contact
l \ Stii;fener

Constraint Point
(U2=0, U3=0, UR1=0)

Loading Point
U2=-20mm

MPC Constraint between
Composite plate and
Reference point

X-Symmetry
(U1=0, UR2=0, UR3=0)

¥ 26. BAEAY &F £

3.2.3 43
ksl 7}elA|+= Loading point ©|A %] 35— <% #Ale] s Li et
al.(2022) 2] A3 9 s due} i Aol A9 s d el gt vl

fgg A=t o

27
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A &} o] At AAHE AP A Ae AR (T 29).
1200
. Dedonding
0o Initiation == ‘? 1
800
z )
T 600 . .
[ Debonding Failure Process
400 —--Test1 (Li et al, 2022)
-==Tast2 (Li et al, 2022)
200 Test3 (Li et al, 2022)
FEM (Li et al, 2022)
=—Present Study
0
a9 28. A% ZE9 5-¥e &4
E 2-9. 8HF AA] AA v
Experiment FEM FEM Difference with
(avg) (Li et al, 2022) (Present Study) Exp. (%)
Debonding
L 893.7 944.19 906.3 -1.41
Initiation Load (N)
Debonding
Initiation 10.8 11.49 11.9 -10.1
Displacement (mm)
[P = T
. SEae k%




CSDMG  General_Contact_Faces/General_Contact_Faces
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

¥ 29. eRHF A A v
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BAS FxE IA 9y HAAE Eo¥ JUHE FHGee
PSS (Plate Stiffener Separation) H<% %3 BAAE Aty =
F F3F= PSC(Plate Stiffener Combination) o] At} PSC & e

ke AR A Ragd e NS FAGE B4 7% (PSC Element) o

curve)= Tl AA FAEE ANTH(LH 30). siF AelA=

AxH s e gl A HE FHEE AT 11 312 Smith

_
|
AN

Strain [mm]

Structure Analysis of PSC Element Load-Strain Curve of PSC Element

Banding Mamant [MH.mm
\
»

Bending moment - Curvature relation Load distribution of hull structure

29 30, AAA $AANE B AAY AFFHE AL HH
30 S E-as k-1 g

Curvatisne 11/ rmem)



Stress-Strain Curve
og—&

Geometry of composite
hull

4.1.1 333 FZo &

Definition of input data

Identification of initial

structural condition

Linear Eigenvalue Analysis

Selection of Buckling
Mode

!

Selection of Structural

Analysis Method

Hull Geometry H Start |
¥
Increment of the curvature
—
Dy = O,_y + A0

(Zxa)n_iniziar = 0.5« Depth

!

Calculation of Strain

(€)n = [(Zyadn = (Z:)n)Pn

i

—+

Calculation of Reaction Load for each

stiffened panel relevant to the strain

(Fidn = f((£i)n)

¥

Calculation of total reaction Load
(Fin= E(Fi)n

¥

Non-linear Finite
Element Analysis

Calculation of Ultimate
Strength & Neutral Axis

Check if total load
is less then
tolerance

(F)n< 0.001

Recal

Calculation of the bending moment

culation of
Neutral Axis

(Zyadn

(M)n= T IFiZil

a3 31 HAH Ay g

E ] ] =

WA ropogich. w

(&n =

st WY EY A

== O

3]

“

s

[(ZNA)n - (Zi)n]q)n

th&3} ol e 5 9t

H(5) oA (Z)nls 1A BAE T2 FY Fe| 24 HEo|Th, 1Y
Zo| Y&t I T2 IJAWES veed (Z),=
(Zi)n = Zi_Datum + Zi_local ‘cosf - (6)
4% 72 olfold Utk 4% TR
i)

BPARY BPw FaE

31
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Datum Line /| Datum Line

@nadn

(Zi)n Zi_datum ,'\ZLlacal

Zi)n — @nadn

a9 32. B 7x9 ANS

Zizte] Zetolel AFzel wek AA TR B FUEH 947

d

Wetmw A3 ZAeE agdlor stk &gl AS7E adtil sk 7}
=etole] A @ity &tk Lee et al.(2007)].
Q; = Qu1(cos @)* + Qzx(sina)* + 2(Qq1 + 2Q46)(cos @)?(sina)? - (7)
9 333 o] 7} F¢fol 8 AFzE 1HE W, B X8 =5

AN THF Zijocars T 2T

Z; jocal 2047 8
L_toca N
2 QIA]
0
f Stacking g
Datun_"l_l_lrje_ , sequence 0
[ ' I}—> 4C
Zi local ;
"""""""""""""" il e el 0
! - 45 o
Symmetry

a9 33. BA® 729 FF
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4.1.2 7 FZ ) Z-gsh= 85 (load) A4t

2}z o]l PSC R s G-z vt st —HFE A3} 4. 1. 14 A -3t

(Fa = ) (Fn- (9)

3.0E+06

2.0E+06

1.0E+06

(Fi)n,Deck""'"'"""

= (en, Bilge
k] 0.0E+00 - :
L] (Ei)n, Deck

-1.0E+06

(Fi)n.Eiige ——Deck and Side
— Bilge
-2.0E+06
-3.0E+06
-0.015 -001 -0.005 0 0.005 0.01 0.015 0.02
Average Strain

2% 34, 8RR P2 92 HE-BF WYE I
4.1.3 =Y =29 A AAFRecalculation of Neutral Axis)
AAA 2ol z7)d= BT FRoAe WHIYEY S

Arst7l fal ez AAY FHFA AAE AA dol9 wtow

33 L-! 'k'_fl' | B II of



((Zna)n_initiat = 0.5 * Depth) 7P RTH(1H 31). shARE AA TH=F2
A= A Zo]&] who] of) 7] wiitol A AAE T of shrk. A AL
AA S AA e &gk FH(Fes 71T o2 T, (F), <0.0015
e wj7kx] qHE Ak (iterative calculation)©] HE=F A )

wEel AME Fd ATW FPFY IS Fophs AL

4500

300
=
i T
q 6000
q
:Im 5000
o
d
4000
d
9 £
E 3000 | + 1
:‘:’ ++|A—'++)}|\\|\\\I\\
6000 = *
L . .
NA of 15t Iteration 2000
: q
. +
NA of 39 Iteration 1000
O - o

0 5 10 15 20 25
lteration

NA of 2nd |teration

a9 35. Iteration S 710l 02 S-@F< W3}

A4 gl e A5 F7HA AA mEle] tha] g

2

SAE tdt A4 A dlolE 7k FilA REE Dow (1991) 9] =<

34 . H 1]| :ﬂr T



4.2.1 53A AA

Chen and Soares (2008) 9] &H&A] AA|rd o] Foti T JA4-
H

% 363 211, bilge{-2F deck/sideF-of i3t &

of

373} Y,
AR FHHAE st 43 o]d A9 nugs o S EE
71202 A A (sagging)  AEIOIAE= 1.55%  Zol7b yar,

%7 (hogging) FEIANA = 4.6% ZFol7F E5 vk (i 2—-10, 2—-11).

6000

¥ |

q

3.0E+06
q

=
[=

2.0E+06

1.0E+06

Load (N)

0.0E+00

/ o

A n n A A onon

—— Deckand Side

— Bilge

-2.0E+06

400 -3 0E+06
-0.015 -0.01 -0.005 o 0.005 0.01 0015

Average Strain

a3 37, B Ax) 2o FgH gy 19 36. Bilge$} deck/sided] stz-HIPE JA

[Chen and Soares (2008)]
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200000

150000

100000

50000

-50000

Bending Moment (MN.mm)

-100000

-150000

Hogging

Sagging

-r

- - -

--s--Chen and Soares (2008)

—e—Present Study

-4.0E-06

-3.0E-06 -2.0E-06 -1.0E-06 0.0E+00 1.0E-06 2.0E-06 3.0E-06 4.0E-06 5.0E-06

Curvature (1/mm)

% 38. B3 AA 9 FIURAE-ZE #A

5000

&
8

Neutral Axis (mm)
]
2

1000

-4.0E-06

Hogging

P — =00 - - RGP R T Y-~

-3.0E-06

00085,
Sagging

S R

--e--Chen and Soares (2008)

—e—Present Study

-2.0E-06 -1.0e-06 0.0E+00 1.0E-06

2.0E-06 3.0E-06 4.0E-06 5.0E-06

Curvature (1/mm)

a9 39. 5E3A AAY FHE-IF ¢4
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£ 2-10. A7 BefollX e S = R THF g vl

Sagging Case Result Chen, Soares (2008) Difference (%)
Ultimate Longitudinal
1.282e11 1.263e11 +1.55
Strength (N-mm)
Ultimate Curvature
2.9e-6 2.946e-6 -1.56
(1/mm)
Neutral Axis at
) 3039.32 3022.57 +0.56
Linear Stage (mm)
¥ 2-11. e Ao FZE & FTHF A v
Hogging Case Result Chen, Soares (2008) Difference (%)
Ultimate Longitudinal
1.762e11 1.847e11 -4.60
Strength (N-mm)
Ultimate Curvature
3.9e-6 4.203e-6 -7.21
(1/mm)
Neutral Axis at Linear
3092.98 3025.82 +2.22
Stage (mm)

4.2.2 F5A4 AA

Dow (1991) 9] 1/3 frigate 5.2 9] T} o JA42 19 409 23,

0

A mel chal AAA B3] A4S AP 2 PSC WA T2

st=—HEE 2AHLE Zhang and Khan (2009) A #A|As F37 %
A& A1 Shen et al. (2021) 04 AA3 stE=—H9 AFAL 7|gto g
T+

37 Y I



Ou 1
Zhang and Khan.: = 10
9 O'qu BO.ZB /1 + A32 ( )
Ox — E- Ex or Ex < Exe
( Oyeq To Eyeq £qu T Eyeq
Oyx 1 Oxy—Oxe Exe Ex Exu
. — = —= (& or —< —< — .
Shenetal.: am Oveq Exu—txe (&x eeq erq eYeq (11)
o o £ £
= 2 4+(1-C ex or —= < — < ==
Oyeq Uqu ( ) P ( Eye q) f £qu £qu €yeq
A28 RS A A3t A5 Dow (199119} v P2 o)
S EE 71F 0 % A7) (sagging) “dEl Ol A & 1.65% #Fe] 7F YAl (% 2—

12), 37 (hogging) AElel A& T2 AMA

AL 2
a9

40.

%1\

A= Bl

o

& o A

(1Y 41).

All deck & shell No.2 Deck 133
Longitudinals 292
1.75'-! 38.1 10¢ 6t - 32
3.3t
H o 47
14: o> 48}—l— 31
No.2 Deck
Yield Stress: 245 MPa 30
Frame Space: 457.2 mm (in mm)
No.3 & 4 Deck o~ 29
nrn2-5t st
Vertical Keel :[ﬂ 7 28
152.4 114 No.3 Deck
27
26
st
No.3, 7 & 11 Longitudinals 25
53 24
o
*f :/‘ ono 23
Q 2 A
saqa 22
- e
2t e
e 5"
L ZZ0
=2 19

=2

A A

=]



1.5E404

o=
1.0E404 — - 7"?\ —_—— . —
-
’f .
~
€ / .
E s5orv03 4 T
2 /
= /
]
= 0.0E+00 ¢
S]
=
(=T1]
£
T -5.0E+03 ’
£ J * Test(Dow, 1991)
0 Lo ‘}’ = ==ALPS/HULL (Paik et al., 2013)
[ TN 5o ie - — | —--ANSYS (Paiketal, 2013)
“L0E:04 B At — —CSR (Paiket al., 2013)
— -Modified P-M (Paik et al., 2013)
-1.5E+04
-40E-06  -3.0E-06 -2.06-06 -1.0E-06 0.0E+00  1.0E-06  2.0E-06  3.0E-06
Curvature (1/mm)
I 41. FE5A AA S FARAE-IE &
E 2-12. SR = 3 v

Ultimate Longitudinal Strength

Sagging Case

4.0E-06

Hogging Case

(N-mm) (N-mm)

ALPS/HULL 9.952.E+09 1.070.E+10

ANSYS 1.06E+10 1.12E+10

CSR 1.02E+10 1.19E+10

Modified P-M 9.30E+09 1.03E+10
Test 9.96E+09 N/A

Present Study 9.79E+09 1.10E+10
Difference (%) 1.65 N/A
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A 3 & A3 4

B 2 Az A ] o 2R aE st Sl F 674 AA
2aE ST B F4del e gg & a9E gl flEl Type
A 8 Type B 77k @749 AAE A& A=z AFATH Type Ae
blade—type HZA = FAE o] 9131, Type BE hat—type A= G4
o] k(18 42). Type A ¢ Type B 25 92 U3 =1& 2+
ATt

Sk AR eF 9] Abo] o] A& ’EA] (bonding method) o wh& B4 &
29= #ge3d7] 98] Secondary bonding (SEB), co—bonding (COB),
co—curing (COC) & 37}#] Az vkl & &gt} Secondary bondings™
RHAA L ol B B3t d o] Fo] A FFOoR F FEES JAANT=
WAola, co—bonding &% W Astd AEelA A @
A e} o] B3N 7= WA o], co—curings Y& BT 4
o2 el A FZA glo] o] AstE A7l WAt [Hasan et al.

(2019)]. A= 7} == COC, COC, SEB 0% & =t} (% 3-3).

40 A ‘._, 2 II



Type A P

Flange

Type B

Plate

a9 42. AA: Type A (F), Type B (%)

b,

I bl

Wl

1

a9 43. BAA 9] ¥4 blade type (&), hat type (%)

X 3-1. RAA Y A5
h b, b, b by
Deck and Side 60 300 62
Type A Bilge 20 400 124
Deck and Side 60 300 50 62 18
Type B
Bilge 90 400 100 124 38
*Frame Space = 800mm
E 3-17. A9 A5z
Composite Layup Deck and Side Bilge
Plate [04/45/04/45] [06/455/05/45]
Type A Web [04/45/04/45]¢ [06/45,/06/45]5
Flange [05/45/05/45]5 [07/45,/04/45]5
Plate [04/45/0,/45]5 [06/45,/0/45]5
Web [04/45/04/45]s [06/455/06/45]5
Type B
Flange [04/45/04/45]5 [06/455/06/45]5
Table [05/45/05/45]5 [07/455/07/45]5

41
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¥ 3-33. AFA 9 244

Adhesive SEB coB cocC
ad (MPa) 15.6 25 50
o3 (MPa) 184 29.5 59
a3 (MPa) 184 29.5 59
Gic (Nmm™) 0.0531 0.085 0.17
Gyc (Nmm™) 0.146 0.234 0.467
G3c (Nmm™) 0.146 0.234 0.467

® 3-34. 53A S S4A

WR/polyester GRP

E{ (GPa) 15.8
E, (GPa) 15.8
Gy, (GPa) 35
Gy3 (GPa) 0.35

Vo 0.13
X, (MPa) 249
X, (MPa) 213
Y, (MPa) 249
Y. (MPa) 213
S12 (MPa) 104

ANE wgw Fxe o -

o
[
iy
ofr
Ak
:oé
1%
o
4>
o
ol
ol
~N
Ho

HEE dAE Fellof it st -WEE wAlE Tehy] flaEA SEA

S8 B BA 203 A5 202 AA 33 fAks RS

ki

APt 72 W H(y—z W) transverse frame$t A3 317
42 ’: 211



wj 5o, 322 fixed conditions A-Eslal, sHE2 AR 9 QrEof ojgh
HAAW Q== AT}, M2 Wek H(x—z )2 longitudinal girder”}

EA8EA] k7] wjio] symmetric conditions &3tk B9} %

ok

Atololl = A Q] Tk 9% eyzlE 11y T SQIE5F cohesive

contact 2715 A7 P}

— y — Symmetric Boundary Condition
(Uy:R.t:Uz:O)

""" Fixed Boundary Condition
(Uy=U,=U,=R,=R,=R,=0)

------- x — Direction Uniform Displacement Control
(U,=U, U,=U,=R,=R,=R,=0) b

— N

/

Cohesive Contact Condition y

a9 44, EFA nAw A 24, 3F 24

A 34 A

Type A, Type B AAlo] 7z} AlF7F2o HaAH S 4880 ARZ4

B AgE Avk 18 45, 13 463} 2ok A Ao wel A%
Fwol Wabh EAeks AL o 5 k.

43 A—f 2T ] ﬂ ITH



120000

100000
80000
__ 60000
=
£
Z 40000
2
e
OE) 20000 . -
. oggin
- Max Diff. 99ing
?:" 0 f’ _______ s.\
5 | | Sagging —Type A/COC
& -20000 | I —Type A/COB
i g —Type A/SEB
-40000 | 1
‘\ /’
-60000
-2.0E-06 -1.0E-06 0.0E+00 1.0E-06 2.0E-06
Curvature (1/mm)
a% 45, F&AY A & FIENE-ZFE B4 (Type A)
150000

100000

50000

-50000

Bending Moment (MN.mm)

-100000

-150000

-3.0E-06 -2.0E-06 -1.0E-06 0.0E+00

Curvature (1/mm)

—Type B/COC
—Type B/COB
—Type B/SEB

1.0E-06 2.0E-06

29 46. YA BE FIARNE-FE B4 (Type B)

44
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¥ 3-5. AF4

of W& 3 Z= (Type A)

Type A Adhesive Result (MN-mm)
COC 1.002 * 10°
Ultimate Longitudinal :
COB 1.002 * 10°
Strength (Hogging) :
SEB 9.838 x 10*
Diff. b/w COC & SEB (%) 1.86
COC —4.278 x 10*
Ultimate Longitudinal :
COB —3.891 = 10*
Strength (Sagging) :
SEB —3.469 = 10*
I
Diff. b/w COC & SEB (%) 18.9

E 3-6. FZE2o] g S8 Z= (Type B)

Type B Adhesive Result (MN-mm)
I
coc 1.098 * 10°
Ultimate Longitudinal Strength '
, COB 1.098 * 10°
(Hogging) :
SEB 1.061 % 10°
I
Diff. b/w COC & SEB (%) 3.38
I
coc —1.036 = 10°
Ultimate Longitudinal Strength '
. COB —1.018 % 10°
(Sagging) :
SEB —9.933 * 10*
I
Diff. b/w COC & SEB (%) 4.42
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Asd= 9

A 1R RGN e eHE ax A FAE FL

Type A2l blade—type X727} Type BY hat—type H7ZA|H.t}

FAdo] wrt Al (sagging) A ElYlA Type A7} Type BRETF 5 ZA o
e FAE a7 g 2 RS 4 S Ay 47). oly3 o)f=

B Aol ¥ waeE el ol fed s B 2ol v F okst]
ot eje] o] WS BIAFA el 3] zto] WA =,

olel gt 34 ztell o8] WAL} o)W Abolo] HAA o] AW S Ho]

—Type A/COC
| & —Type A/COB
-

Bending Moment (MN.mm)

—Type A/SEB

2.0E-06 1.5€-06 1.0E-06 5.0E-07 0.0E+00
Curvature (1/mm)

:L'“é 47. N7 & el A 2] Type A Aute] 2 =(F), Type A/SEB B3 & ()

—Type B/COB
~—Type B/SEB

. Bending Moment (MN.mm)

—Type B/COC

3.0E-06 2.5E-06 2.0E-06 1.56-06 1.0E-06 5.0E-07 0.0E+00
Curvature (1/mm)

2% 48. 4733 E A ¢] Type B 58] F7%=(3), Type B/SEB 23 & (%)

1]
46 """\-_!'I 1.! 3l



u, ut
+1.223e+01
+1.016e+01
+8.095e+00
+6.026e+00
+3.958e+00
+1.88%e+00
-1.794e-01
-2.248e+00
-4.317e+00
-6.385e+00
-8.454e+00
-1.052e+01
-1.259e+01

Rotation of
Stiffener induces
debonding

¥ 49. FZ 9 2HF
BIEA o] Aol W2 Type Aol = HFaheko] BAA 9F o -5l 4]

A7) ol BAFA oF A 2A| Afolell A WA EHA H A%k, Type BellA =

FHFupto] BAA g} el e AR vl osf Ayt uheiA

S, g

A2

=19 51. Type B/SEB: Bata) 8] H&@), &4 2H(S)

47 * A—E e E” ﬂ



}-

Z]
o

&
=

S
H

= ek
T =

olth(1¥ 52).

I

LN

il e]sto] BAFA o HojA v

12! (bonding method) ol u}

o] =7] w

}-

P

q =

A
Efof A COC tjn] SEBS] 4%

37HA]

}

[e)
o

=

A

]

3-5).

171 $18l Secondary bonding (SEB), co—bonding (COB),
7

RYA

3-5, 3—6¢°] W= Type A/M7A Zdeielr COC tiv] SEBE]

HAAA e ok Alo] <]
Type A/
1TH(

co—curing (COC)

LY = W o= TR
& M# w_r,w o Ko E.a o ,.Er,#

° 0 _ o
oga o me \ML I‘Url,._ oyl e
T o0 xT .@ N
~ 0
Row 2 ¥ o 3wy
R - I o b4w
T o L Ko =T N
) : Mooy X
T 5.0 ﬂ_ﬂ = ‘mﬂ ~ W_
NS 2 A
‘aE NO ri — _io =

Hl ~0 NO _.i
S D B
0

T H % zﬂ - oM MR
= L L -
T D o o T
o B X < T o ® W

E.A ﬂ_OI o _ 03y ,OI 1_.mH .
N =0 ‘_u_.N_v o} n_AIL 0 HE ‘Ur
i I~ T = X
> o = T - o wﬁ

file) - il
T g BT LY oaon O
E m o B om Lov T X
= T o Yo oo o5 W
R S TR U T
TR o Wy N om N
) ma ! mu = ™ g L
= F % oz dp = = %
S T X o7 ) ,ﬂ T o B°
LA S ¥ o m  er
T X B N~ & T o H LN
P B T O Ow T R
HON O N ok BoOowm X oW
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Compressive Stress on the deck

Tensile stress on the bilge Debonding Region ofck/COC
39 52. Type A/MZZH: DA 9 37 £¥(F), &3 FA(SEB-F, COC-F)

Tensile Stress on the Deck

_r

mEmmmEn v,

8
8
8
a
[
[
B
¥
B
8
B
B
B
8
|
8
8
8
8
8
]
]
]

Compressive Stress on P E— - e~ .
the bilge Debonding Region of Bilge/SEB Debonding Region of Bilge/COC

1% 53. Type A/E738H: AA 9 stF 2XFH), €3 H(SEB-F, COC—%)

Tensile stress on the bilge Debding Region of Deck/SEB Debondin Region of DecCOC
219 54. Type B/AZ 2 A9 35 EX(F), 28 A(SEB-F, COC-%)

Tensile Stress on the Deck

|
!

Compressive Stress on Debonding Region of Bilge/SEB Debonding Region of Bilge/COC
the bilge

1% 55. Type B/Z A=) AAY 35 £X(F), 2HZ(SEB-3, COC-F)
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A==
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F3i o). Falzon et al.(2000) &4 9]

°

A BAAEe e s i AS=

A
i=]

H 35}
=

tol

°

As5Z4d &

H] 1

=
=

A 99 29l (Cohesive Zone Model)

214 3}

1<

th AFe-AF F o] A5 EA A B FE (UMAT Subroutine)
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ol
2%

B AT A
ebLEET

Ju
T3

o
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R
iy

W
oy
=3
K

N

)
B

o

N

Afol ol =4

[e]

—_L

o]
=1

o

o

o=

E]_]_-O

S 7]

A A=A} Dow (1991) ¢

H

X 3}

=

t}. Smith et al. (1977)

ANE3A T, Li et al. (2022) &) Hat type 222 A3 439} H]

%7 (surface based cohesive contact condition) ©.%

=
=

J

&

1=}
1412 Chen and Soares (2008) ¢
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ATk 993} WA ol Ho] ukal

i} 2737 oF 2] Abo] <]

<

9

0

50



o

=

o
o

o

il

o

Ll

Ak Al

A zkg ol

A A=

3k
H

T

2]

el M A

=k
Al

g, Al

T—
T

skA

S

3}k
H

ol

Fol Bk ejas A
2ol

71473

=

°

515 o]

AE ol&

) =)
2)

Z

o 81, 993} B Aol el

weh A



23 2y

[1] Hashin, Z.: Failure Criteria for Unidirectional Fiber Composites.
ASME Journal of Applied Mechanics, Vol.47, June 1980, pp. 329—
334

[2] Barbero, E.J.: Finite Element Analysis of Composite Materials
using Abaqus. 1st Edition. CRC Press: Boca Raton. 2013.

[3] Huang, C., Bouh, A. B., and Verchery, G.: Progressive Failure
Analysis of Laminated Composites with Transverse Shear Effects.
Composites Behavior — Proceedings of the Ninth International
Conference on Composite Materials, Woodhead Publishing Limited,
University of Zaragoza, 1993

[4] Chang, F. K., and Chang, K. Y.: A Progressive Damage Model for
Laminated Composites Containing Stress Concentrations. Journal of
Composite Materials, Vol. 21, September 1987, pp. 834—855..

[5] Yamada, S. E., and Sun, C. T.: Analysis of Laminate Strength and
its Distribution. Journal of Composite Materials, Vol. 12, 1978, pp.
275—284

[6] Chang, F. K., and Chang, K. Y.: Post—Failure Analysis of Bolted
Composite Joints in Tension or Shear—Out Mode Failure. Journal of
Composite Materials, Vol. 21, September 1987, pp. 809—833.

[7] Nahas, M. N.: Survey of Failure and Post—Failure Theories of
Laminated Fiber—Reinforced Composites. Journal of Composites
Technology and Research, Vol. 8, No. 4, Winter 1986, pp. 138—153.
[8] Lee, C. S. and Lee, C. M.: A Study on the Evaluation of Fiber and
Matrix Failures for Laminated Composites using Hashin- Puck Failure
Criteria. Journal of the Society of Naval Architects of Korea, Vol. 52,
No. 2, April 2015, pp. 143—152

[9] Ishtiyaque, M. and Shaikh, M. G.: A Review on Study of Fracture
Properties of Concrete Reinforced with Mixed /Hybrid Fibers.
Journal of Mechanical and Civil Engineering, Vol. 14, Issue 6 Ver. I
Nov. 2017, pp. b8—65

[10] H. C., C., Kattimani, S. and Murigendrappa, S.M.: Prediction of

Cohesive Zone Length and Accurate Numerical Simulation of

52 -":rx E "";i' 1_-“



Delamination under Mixed—mode Loading. Appl Compos Mater 28,
Vol. 28, August 2021, pp. 1861-1898

[11] Cui, W., M. R. Wisnom, and M. Jones.: A Comparison of Failure
Criteria to Predict Delamination of Unidirectional Glass/Epoxy
Specimens Waisted Through the Thickness. Composites, Vol. 23,
1992, pp.158—66.

[12] Hasan, Z., Rader, J., Olson, A., Turpin, D., Onge, R., Amback, J.:
Design, analysis and fabrication of thick Co—cured wing structures,
Composites Part B: Engineering, Vol. 177, August 2019, pp. 107335.
[13] https://e—lass.eu/, E—LASS, February 2023

[14] http://www.fibreship.eu/, FIBRESHIP, February 2023

[15] Chen, H., Chai, Y., Chi, J., Lu, L.: Experiment and failure
mechanism of composite fuselage curved panel under circumferential
bending load. Acta Materiae Compositae Sinica, Vol.37, 2020, pp.
2463—2472

[16] Chen, N. Z., Sun, H. H., Soares, C. G.: Reliability analysis of a
ship hull in composite material, Composite Structures, Vol. 62, Issue
1, 2003, pp. 59—66

[17] Chen, N. Z., Soares, C. G.: Longitudinal strength analysis of ship
hulls of composite materials under sagging moments, Composite
Structures, Vol. 77, Issue 1, 2007, pp. 36—44

[18] Zhang, W., Tang, W., Pu, Y., Zhang, S.: Ultimate Strength
Analysis of Ship Hulls of Continuous Basalt Fiber Composite
Materials. Advanced Materials Research, Vol. 150—-151, 2011, pp.
736—740

[19] Zhang, X., Huang, L., Zhu, L., Tang, Y., and Wang, A.: Ultimate
Longitudinal Strength of Composite Ship Hulls, Curved and Layered
Structures, Vol. 4, no. 1, 2017, pp. 158—166.

[20] Sleight, D. W.: Progressive Failure Analysis Methodology for
Laminated Composite Structures. NASA/TP—1999-209107. 1999
[21] Tan S. C.: A Progressive Failure Model for Composite
Laminates Containing Openings, Journal of Composite Materials, Vol.
25, Issue 5, 1991, pp. 556—577

[22] Camanho P. P., Matthews F. L.: A Progressive Damage Model
for Mechanically Fastened Joints in Composite Laminates, Journal of

53 .__:rxﬁ-! k i)

- .I__li '.".l.!_ T]'



Composite Materials, Vol. 33, Issue 24, 1999, pp: 2248—-2280.

[23] Labeas G. N., Belesis S. D., Diamantakos I., Tserpes K. L.:
Adaptative Progressive Damage Modeling for Large—scale
Composite Structures, International Journal of Damage Mechanics,
Vol., 21, Issue 3, 2012, pp. 441—-462

[24] Falzon B. G., Stevens, K. A., Davies, G. O.: Postbuckling
behaviour of a blade—stiffened composite panel loaded in uniaxial
compression, Composites Part A: Applied Science and Manufacturing,
Vol. 31, Issue 5, 2000, pp. 459—-468

[25] H. C., C., Kattimani, S. & Murigendrappa, S.M. Prediction of
Cohesive Zone Length and Accurate Numerical Simulation of
Delamination under Mixed—mode Loading, Applied Composite
Material, Vol. 28, 2021, pp. 1861-1898

[26] Camanho, P. P., Davila, C.: Mixed—Mode Decohesion Finite
Elements for the Simulation of Delamination in Composite Materials,
NASA/TM-2002-211737, 2002

[27] Benzeggagh M.L., Kenane, M.: Measurement of mixed—mode
delamination fracture toughness of unidirectional glass/epoxy
composites with mixed—mode bending apparatus, Composites
Science and Technology, Vol. 56, Issue 4, 1996, pp. 439—449,

[28] Li, B., Gong, Y., Gao, Y., Hou, M., Li, L.: Failure Analysis of Hat—
Stringer —Stiffened Aircraft Composite Panels under Four—Point
Bending Loading. Materials, Vol. 15, 2022, pp. 2430

[29] Paik, J. K., Kim, D. K., Park, D. H., Kim, H. B., Mansour, A. E.,
Caldwell, J. B.: Modified Paik—Mansour formula for ultimate strength
calculations of ship hulls, Ships and Offshore Structures, Vol. 8, Issue
3—4, 2013, pp. 245—-260

[30] Dow R. S.: Testing and analysis of a 1/3—scale welded steel
frigate model. Proceedings of International Conference on Advances
in Marine Structures, Vol. 2, May 1991

[31] Li. S., Kim, D. K., Benson, S.: An adaptable algorithm to predict
the load—shortening curves of stiffened panels in compression, Ships
and Offshore Structures, Vol. 16, 2021, pp. 122—139

[32] Smith, C. S.: Influence of Local Compressive Failure on Ultimate

Longitudinal Strength of a Ship's Hull, PRADS, 1977 ;
54 -":lx_! _'q.l.'\-' L



[33] Ye, Y., Zhu, W., Jiang, J., Xu, Q., Ke, Y.: Computational modelling
of postbuckling behavior of composite T -—stiffened panels with
different bonding methods, Composites Part B: Engineering, Vol. 166,

2019, pp. 247—-256,

55 ) .H 2

1_'_” O

51

I

1L



Abstract

Characteristics on ultimate
longitudinal strength for
composite hull structure by
considering debonding effect

Ho Hyun Chun
Naval Architecture & Ocean Engineering
Graduate School of Engineering

Seoul National University

This study presented a longitudinal strength analysis method of the
composite hull considering the debonding effect and analyzed the
effect of debonding on longitudinal strength of hull. Unlike the steel
hull where the stiffener and the plate are fastened by welding, the
reinforcement and the plate of composite hull is fastened through
adhesive bonding. Since adhesion has a lower mechanical fastening
strength than welding, debonding may occur between the stiffener
and the plate, which affects the ultimate longitudinal strength of the
hull. In this study, a longitudinal strength analysis method considering
the debonding effect of the composite hull was presented, and
comparative verification with experimental results was performed at

each stage of the analysis method to verify its validity. Afterwards,
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a study was conducted on the effect of debonding on longitudinal
strength in the composite hull through application examples. In
particular, the characteristics of the change in longitudinal strength
according to the shape of the stiffener and bonding method were
analyzed. It could be confirmed that the lower the rigidity of the
reinforcement, the greater the effect of the deadhesion effect on the
longitudinal strength of the hull. In addition, a guideline to reduce the
effect of the adhesion method on the final strength of the hull was
proposed by capturing the relationship between the adhesion method

and the reinforcement type.

Keywords: Fiber—reinforced composite, Debonding, Longitudinal
strength, Stiffened plate, Progressive collapse analysis
Student Number: 2021—20979
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