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Numerical Study of Progressive Damage and Failure in Advanced Composite Materials

Ryo HIGUCHI

Abstract

Virtual testing, replacing certain certification tests with numerical simulation, is one of the most challenging
issues for the aircraft industry, which undergoes numerous certification tests of advanced composite materials. For
virtual testing, precise numerical prediction of the nonlinearity and ultimate strength under several load configu-
rations is essential. These features of advanced composites are dominated by progressive damage. Consequently,
establishing a high-fidelity numerical simulation method that can predict the nonlinearity, progressive damage,
and ultimate strength in composite materials is essential in order to realize virtual testing.

This study focuses on computational mesomechanics simulations using the finite element method (FEM), i.e.
simulations on the scale of coupon specimens. This approach plays an important role in bridging the microscale
(scales of fiber and matrix) and the macroscale (scale of the structure itself). In this approach, the fiber and
matrix are not distinguished (i.e., materials are treated as homogeneous). In the case of composite laminates,
the main elements are homogeneous plies wiffedint fiber orientations stacked one above the other and the
interfaces between plies. With such a modeling approach, intra-ply and inter-ply damage models can be introduced
separately, and both play important roles in predicting typical composite internal damage.

In the standard FEM framework, several damage models have been developed. They can be separated into
two categories, continuous damage models and discrete damage models. Due to their advantage in computational
robustness, continuous damage models, such as the smeared crack model (SCM) and continuum damage me-
chanics (CDM), aref&cient for modeling multiple (dfuse) cracks that arefticult to discretize. However, they
are not appropriate for modeling large (dominant) cracks, since the finite crack width (equal to the finite element
length) results in a dull gradient of stress concentration around the crack tip. In contrast, the stress concentration
around the crack tip can be captured by the discrete damage models, such as the cohesive interface element. Nev-
ertheless, insertion of these elements should be aligned with the finite elements and often redfittsliy df
meshing components with complicated shapes. To overcome the above limitations of models in standard FEM,
mesh-independent crack modeling methods, such as extended FEM (XFEM), are thought to be among the most
effective approaches. One disadvantage of XFEM is higher computational cost than standard FEM. Consequently,
suitability of a damage-modeling method always changes with the phenomenon to be represented, level of accu-
racy required, and computational power available.

This study develops a computational mesomechanics simulation method to predict nonlinearity, progressive
damage, and ultimate strength in advanced composite materials. It focuses on two kinds of advanced composite
materials: ceramic matrix composites (CMCs) and carbon fiber reinforced plastics (CFRPs). CMCs are being
considered for aerospace gas turbines since they have excellent high-temperature strength. CFRPs have been
increasingly applied to airframes because they are superior to conventional metals in specific strengffh and sti
ness. They also have been utilized in aircraft engine components such as fan blades and fan cases since the usage

temperatures of these components are relatively low. Both CMCs and CFRPs have advantages over conventional



metals as stated above. However, they exhibit quite complex damage behavior, which restiiitsuitydire-
dicting nonlinearity and ultimate strength. Therefore, this study carefully chooses an appropriate model for the
damage of interest and examines its suitability.

The second chapter proposes a numerical simulation method to predict nonlinearity, damage progression,
and ultimate strength in 3D woven CMCs. The proposed method implements three numerical approaches: CDM
models are used to predict nonlinear behavior due filugh cracks in CMCs, Weibull criterion is utilized to
take into account the sizdfects of longitudinal tensile strength, and nonlocal damage theory is implemented to
confirm the mesh independence of the results and the convergence of computation. In order to verify the prediction
accuracy of the proposed method, non-hole tension tests and open-hole tension tests were simulated. Predicted
nonlinear stress-strain responses and failure strain were compared with experiment results.

The third chapter presents both experiment testing and phenomenological damage modeling for CFRP lami-
nates under high-velocity impact, which is a critical problem for application to aircraft engine components. First,
high-velocity impact tests on CFRP laminates were conducted and the penetration and damage behavior were
investigated. Three internal damages were observed: longitudinal failure, transverse crack, and delamination.
The observed transverse cracks were classified into two categories: multiflis€ficracks around the impact
point and large (dominant) cracks on the bottom ply. A simulation model was then developed based on these ex-
periment observations. In the presented model, both continuous and discrete damage models were implemented
for modeling two crack configurations. For comparison, two conventional models (one using only the discrete
damage model and the other using only the continuous damage model) were also presented. To validate the pre-
sented model, high-velocity impact simulations were performed, and the predicted results were compared with
experiment and conventional models in terms of the damage area and distribution.

The fourth chapter establishes a simulation method based on XFEM and examines its capability to pre-
dict progressive damage and failure of CFRP laminates under in-plane and out-of-plane static loadings. In the
proposed method, the plastic behavior (i.e., pre-peak nonlinear hardening in the local stress-strain response) is
characterized through the pressure-dependent elasto-plastic constitutive law. The evolution of transverse crack
and delamination, which result in post-peak softening in the local stress-strain response, is modeled through zig-
zag enhanced cohesive zone model (ZECZM). ZECZM introduces two modifications against the general cohesive
zone model. First, in the traction-separation law, a zig-zag softening law is employed to mitigate the convergence
problem during softening. Second, the pressure-dependency of shear strength is modeled by the Mohr-Coulomb
model. The ZECZM for delamination is introduced through an interface element, but the ZECZM for transverse
cracks, which occurs multiply in each ply, is introduced through an XFEM. Longitudinal tensile failure, which is
dominated by fiber breakage and typically depends on the specimen size, is modeled by the Weibull criterion. Lon-
gitudinal compressive failure (i.e., kink-band formation) is modeled by the SCM with LaRCO3 failure criterion.
Finally, several validation examples are presented to demonstrate the prediction accuracy of the proposed method:
off-axis tensiofcompression tests, open-hole tengiompression tests, and quasi-static indentation tests. The
predicted results of the nonlinear response, damage area and distribution, and ultimate strength were compared
with experiments.

The concluding remarks of the present study are provided in chapter five.
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Fig. 1.1 Application of composite materials into Boeing 787 structure [1].
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Composite technology advancement
Improved performance and weight reduction

GE90-94B GE90-115B GEnx LEAP GE9X
777-200€R, 777F 777-200LR, -300ER 787,747-8 737 MAX, A320 neo Next-Gen 777
\
1995 2011 2015 cert 2018 cert
* Wide chord design * Swept ae * Improved efficiency * 3D woven fiber and * Improved fiber and
« 22 blades .22 blades « Lower Radius Ratio resin transfer mold resin system
« 18 blades * Advanced camber * Thinner airfoils
* 18 blades « 16 blades
Fan blade experience
Today: 30+
million flight hours Fan
2019: 150+  cases
million flight hours

* Integrated structure
* Saves 700+ Ibs/aircraft

Fig. 1.2 Application of CFRP into aircraft engine components produced by General Electric

[2].
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CMCs ... long-term commitment to
execute and unlock potential

Material temp. capability 1/3 weight Application

20% Greater growth
Metals w

thermal capability
80's 90's 00's 10's 20°F

* Product development
and revenue service

Research and proof of concept

1980 1990

Combustion test rig Demo engine test Mixer Turbine nozzles

Fig. 1.3 Development of CMC engine components by General Electric [2].
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Fig. 1.4 Schematic figure of multiscale nature of composites.
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Fig. 1.5 Building blocks for certification process oftérent aircraft structures; (a) metal struc-
ture, (b) composite structure, and (c) composite structure with virtual testing.
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Multiscale progressive internal damages and resultant nonlinear behaviors

Atomic scale Microscale Mesoscalel Mesoscale IT
(molecular) (fiber/matrix) (ply) (coupon)
— — N N
m) am) o) Y
* Molecular bond » Fiber/matrix * Transverse crack, | ¢ Large (dominant)
rupture debonding Splitting delamination,
* Micro (diffuse) (Ply-scale crack) splitting
crack * Small delaminationi

(9]

Local stress-strain response

Softening

Hardening

Pre-peak nonlinearity Post-peak nonlinearity

Fig. 1.6 Multiscale damage progression in composite laminate [9-11].
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Brittle Pull-out Delamination

Fig. 1.7 Three failure modes in CFRP OHT tests [11].
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@Fiber dominate damage
In-plane tensile loading [12] In-plane compressive loading [13]

WA
: 71}

@ Matrix dominate damage
Micro (diffuse) crack [10]

Fig. 1.8 Internal damages in carbon fiber reinforced plastic laminates [10, 12-17].
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Fig. 1.9 Classification of internal damages in advanced composite materials.
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(a) w/o softening process.  (b) Smeared crack (band) model.

Fig. 1.10 Schematic figure of smeared crack band model.
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to be reproduced

Model
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Smeared crack (band) model (SCM)

Overview

This criterion is based on the Weibull
volumetric statistical strength theory.
This is a global criterion which eva-
luate the probability of survival of the
specimen by integrating the fiber
direction stresses in the plies parallel
to the loading direction.

Energy-condition is guaranteed by
scaling the post-peak process of
stress-strain response.
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Fig. 1.11 Classification of fiber dominate damages and the modelling strategy.
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Fig. 1.12 Examples of damage localization [29].
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Fig. 1.13 Study of mesh dependency in damage analysis of brittle material [30].

Fig. 1.14 Simulated crack pattern in the notched three-point bending specimen [31].
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Crack type |Diffuse crack Discrete crack
Model Continuum damage mechanics (CDM) | Cohesive element (CE) eXtended Finite Element Method (XFEM)
Overview The material deterioration due to|Zero thickness elements are embedded | Discontinuity of displacement field due to

diffuse cracks is treated through the|at the crack location to model the|crack is reproduced by the introduction of
constitutive law applied into elements. |interface connectionand separation. |extra degrees of freedom and enrichment

function. S -~

(O .
. RS
Cohesive element \ Crack

_ | Cohesive element | !

Advantage |Computational robustness. Ability to capture stress concentration | Ability to capture stress concentration
Ability to reproduce the cracks whose | around the crack tip. around the crack tip.
positions are difficult to predict in Ability to reproduce the cracks whose
advance . positions are difficult to predict in advance,
Disadvantage | Lack of ability to capture stress|Numerical instability. High computational cost.
concentration around crack tip. Lack of ability to reproduce the cracks
Mesh dependency of crack orientation. | whose positions are difficult to predict
in advance.
Difficulty of meshing.

Fig. 1.15 Classification of matrix dominate damages and the modelling strategy.

—-19 -



1.5 KREXDHEELER

AW TIE, REMZEEOBER « = ¥ ST M~ 2T CMC, CFRP%
gl U, FHEMEE R ARRER O EBL~ T, SR - &2 R AT AR I
W0 fTe. KriC, FEMIEEE), HEER, HEBRELWVWS3OOHKIZEICERHL, &
LWL AMKMETTIND 2 TRl AR R T FIEMSL 2 HfE 3. T FIEMEO L
TIE, gL T HHAMEMN T TCMC, CFRRZA U5 NERBEIZ DWW T, #iHE S i
DEEE~ N 7 AXROBEIZHFEL, S OICRIFITERRE, BFIX7 707K
BRI SWTHH LK BT, E7T /UL FIEORIREZITH. FE TR 5 Blg LA
THNEBEDOSFEHICOWTFig. 1.162F &0 5. K& U CFig. L1GI/RT 2%
YEOBEETEREIC KT 2 BUAEMENT Tk 2N L, sHRAEE IR O EZH ~m T 7=
fRet - MAEEDLIZLEHMETS.

K L EMRSE B 72 % . IRFELAREORER 2 LU ISR

FH2ETIE, MEKT VM ZRITMHICMCE R & L, mHNGIRAR SR T
TOIMIEEEE) & R IR E 2 T v RE R BB M FIE OS2 B3 =Ry
CMCTIX, & GFIMICEM SN A~ Y 7 AXEOBREEZZEBL, HL-
KFKEZ T 7 3RAE LRV, K7 Ty 7 LRhE b, £, MBI HHEN
Gl R AR S T CIRMRKE 7 M XA R T 5 L B b D, Th b DEH)

Fiber dominate damage mode
Immediate propagation Gradual propagation
(Size-dependent failure onset) | (Energy-dissipative propagation)
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Fig. 1.16 Outline of this paper based on the classification of internal damages.
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Fig. 2.1 Multiscale structure of 3D woven S&IC composites [5—7].
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Fig. 2.2 Crack propagation and resultant nonlinear response of 3D wovgBiSi€bmposites
under tensile loading.
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2.2 EE&

RREB L OOHTRBR 2R & LT 2580 L, IERMERISH —OFHIEE, BX
OB TR EE IC DWW THBRAE R & O 21T 5.

2.2 EER
2.2.1 #EM

AR, BEARZ SR THEE T T 7 TMZMI ki (56%Si, 1%Zr, 34%C, 9%0 5= il
PE)/SI-Ti-C-OE &M B 2 L7z, MEAERA =13 1105w, 2275 mI%A —Td %
25, 3BFMNTIEE 72 D . #RHESR 1213k 506 & 1= 74 (Chemical Vapor Infiltration; CVI)
X VRFa—T 4 TEBEL TS, ¥ MU 7 A XCVIE, [EHHEIR%E(Solid Phase
Infiltration; SP1) 7~ U ~—%& {2 k&% (Polymer Impregnation and Pyrolysis; PIP): - T
FEE LT,

2.2.2 EREBAXE

MEHREYE DR O 7=, NHTRER, OHTRERZ 0 L7-. NHTHER TIX, 1105,
224511, 1205 I OBEMRES K OREG R A 0T 5 BRI T, 00, 458255 L L
THEME L7z, OHTRER TIE, MILERo=4mm, 8mmd ¥ o ~)VHEER i 2 %15 & L,
FREEDSVENR A LT, MA T, MIALERe=8mmOEERBRF 2 x5 L L, M
LR OO oA Z GRS R L7z, R mIcllE@ T2 £ < &5 BT, 4
SRR CIE R ERERBRAZERHA L. 2RI\ T, ¥ 7IZIEEI R
ZT == FT omRNE2mmO T I - E T2 o ARBRITER O RS
HTFCHEEL, 7ueAr~y K#EELZTable 2210 L H IZHE L. OFAHomaZ B

Table 2.1 Conditions of the monotonic loading test.

Test Crosshead speed (rimin)
NHT test (0) 3.0
NHT test (45) 15
OHT test p=4mm (dumbbell)) 5.0
OHT test ¢p=8mm (dumbbell)) 5.0
OHT test ¢p=8mm (rect.)) 0.6
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& Lo HALIERe=8mmD R i & b &, el IT R il = T5ME L 7.

2.3 BB FiX

ARHEITIE, BUEMART FEOBE, ¥riZ3E A L7 CDM, Weibullfiiz8E3L%E, FE R ATHY
BEHGRICHOW TR S,

2.3.1 WHRIHLVMIHEIE T (Phenomenological Sfiness Degradation; PSD)
BEETIL

AL TIE Lemaitre E 2322 L 72 B4 i I 2 MIMEIR T €7 v [19] © =R IeHEY
SIGSICEAMEI~DEH R A%, LI, KETNVEPSDET /L EIES.
T, OFT AEMEORGRICES S, HEME OB Z KR TERTS.

o=C:¢ (2.1)

TIT, CWIEAT UYL, el 0T RT U VL, CIHBEMEOEEGEKT VL
ThY, @EEMEIOMMEGET v VY LC" B L 4O BEDRET Y A MEHWT
" THREND.

C=M1:cn (2.2)

BERT Y WAITERA RIEDIRE STV DD, AUFFE TILChowE 25 L 72k
KOBENRT Vv 28] 0D, (H, VoigtRFLZ M L, 1T8IRFLICTET. )

1

2 0 0 0 0 0
0 & 0 0 0 0
0o o0 0 0 0

M = ° 1 1 1 (2.3)
0 0 0 iZp+i) 0 0
1 1 1
0 0 0 0 5 (HZ: + m;) 0
1 1 1

0 0 0 0 0 Hde+ ) |

2T, dP(i = 1,2, 3) Ak R G m ORIEAR TR A2 RTHELK TH L. EAER
FP7IIPSDET VMICTEAIND2HBELE TH D Z & 2K 7. Ogasaward D
206,122 L B &, AARHE R 7 10 ORI I TREME T AT, AR O Wz W
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TdP(i =123 kAcTREND ERET S.

\/ {dfp(gll)} {0B(y12)}” + {dE(y13))° (2.4)
\/ {dfp(822)} dP(Vlz)} +{d¢ (723)}2 (2.5)
\/{dfp(‘933)} +{d2(y19)}” + {d2(y29))° (2.6)

df B L OdEIZ0°, 45 ONHTRERICH T DMIPEIR T RICESWTRET S, iz
X, 115 MHERICBI L T, MHES MO e IR T 2 BELEH A (1) & & 2 D
e, 115 # i LTZOCHMNHTREE Co v o VT RELDIK FHRICE S X,

dPeny) = 1- Elé‘;’}“) (2.7)
11
ELTEHRTD. Z2C, EMAEHRT“ini”7 BYHEESMEITHDREOME)Z R L

TWno. RENECHNHTREFE R E HVD Z & T, df—enth#t3Fig. 2.30 X 5 12
—EIZRES.

dP I DWW TIE 45 # NHT BRERICE SWTIRET 2 2%, 45 #F NHT RERICEB WV T
en#0, g0l 720, X (2.1)~(2.5)& V i Nt ABIRITEGL DK T 28I 1ZdP (e11) &
Pe) DHEGVBEENTND Z LICEBBRLETHS. EoT, ABFZETIE, K(2.1)
~@.5)NCHSE, ASFINHTRER TOmE N AWRITEGL DK T HE0 5 dP(e11) & d(e22)
DGy EELSI W ECd—yii 2 H i L7,
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Fig. 2.3 Conceptual scheme of deriving the strain - damage variable relation.
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F7o, 22LHITTHATZ L DT, ARBFFETHE O MEHT, SRAEARFER =23 1105 7],
225 MCIER—TH 528, 3L MICITEL D, Zols, 11J571m —33J)5mfH, 1275
M — 1377 M (237 M) [ Tl, ARERARL2\ERMEL RHITTTHL. Ll, KAET
FHENSIRAR O A Z G &3 5720, HEOH, 115 M, 12)57m~0 5| kR
TWRE LTEHGEE -0 T ARz 2 Tmctkl+o2 L35,

2.3.2 ONERA$&E{§E 7 /L (Onera Damage Model Load; ODM.LD)

AT Cib _7=PSDET /L D bl xtg & L C, Marcind: (2 k> CER bk & 720ODM_LD
[18] Z##& A9 %. ODM.LD TiX, 52024 7 —HEEHK I (i =1,2,....5 % EAT
5. 22T, Fig. 243 F K512, d2, dY, dQi &S m oG LA, dY, dQix
HNEABOBREEK TH D, EAFEET “07 1ZODMLDIC TERL S 2 HEIEGE
HchsrZ LakRT.

AT T /VIiZHelmholtzH H = x L F—e L HIERBEF T V¥ VR E WD 20D R T
VU VOFEILESWTEREEN S . =Rtk SIGSICHE &4 K TiX, Helmholtz
HEREzxL¥—eldikUZTERIND.

e=_—(e:Cie-8:C":6°-£°:C" : 5) (2.8)

1
2p
Zobx, #EERAEIRIZTE NS,

U:pa—e:é:s—cmi:ss (2.9)
e
0° 90° Out-of-plane +45° —45°
7
Loading “ > l T T l
! x <« >
dq dy d3 dy ds
4W — ;;—r ey ;_W
Damage — 1y
variables | = O l \ T T / l
! ¥ «— —

Fig. 2.4 Definition of damage variables in ODM.
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C=(9 (2.10)

S=9"+AS (2.11)

Thb. ZIT, pldEE, CVTHAMEOMMEEKRT YA ThHY, CITBREME
DRI T VY L Th D, S50, S"REBEEMEOa Yy FIA4 T VAT UL TH
D, SHEEMEIOaL TIAT AT I ALTEHD. £, X(2.8)F DeSiEChaboche
HIZLoTHEOuUilateraBh 2B JET 27 OICEAINTEEOT 4 [16,17]TH

D, WAIZTERINS.
5
&:—leijmfé:m:é}s (2.12)
i=1
AL, (()=d/otTHD. ZZT, pldAMARNBKIEE LIRS, 2TDr 7y 7R

EHICHAT20TIERL, BRI NETR R 28 AT 5720 0BREIEFEME T
A—=HTHY,

1 (A4 £ 6)
2| etz €z < 213
0 (6i < -AX)

LLTE#RSHS. AL, Ak =(1+ad)Al’ TH Y, aB L CALIEIHMELTH
5. b, giEkicThHELINS.
Ei (i=1,273)
0i =14 (enn+en+v12)/2 (i=4) (2.14)

(e11+822-712)/2 (i=5)
ZoEx, XK(2.11)TDASIE,

5
AS::EZﬁﬂPHi (2.15)
i=1
LLTHEZLND., 22T, HilZ4oBEENRT VYV [25] TH D, —#kiZ, 7
T v DFTEIT T ERIC —UHEGE LW L2 RETDH 2 ENTE[26], HIX
VoIgt&R Gl 2 N TENENLL T D X IR T Z N TED.

_

(hiSh 00 0 0 O
0O 00 0 0 O
0 00 0 0 O
1=l 0 oomsto o (2.16)
0 00 0 0 O
0 00 0 0hiSH
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(0 0 0 O 0 O]
0 h,Sz 0 0 0 O
0 0 0 O 0 O
oo N 2.17
2 0 0 0 h;,Sh 0 0 ( )
0 0 0 0 hSt o
|0 0 0 0 0 O]
(00 0O 0 O 0
00 O 0 O 0
0 0 h.sSn o 0 0
o 3.Sn 2.18
*loo 0o o0 o 0 219
00 0 OhSH o
(00 0 0 0 hsh|
msy 0 0 0 00
0 hySy 0 0 00
0 0 0 0 00
o N 2.19
4 0 0 0 hi4sl4nz|1 00 ( )
0 0 0 0 00
0 0O 0 0 0 0
msy 0 0 0 00
0 hS3; 0 0 00
0 0O 0 0O 00
o N 2.20
° 0 0 0 thS'ﬂ 00 ( )
0 0O 0 0O 00
0 0O 0 0 0 0f
DT K, b, . REHRERT D,

B OFRICH U, HEAEERZERICE T IR KR T > 2 v L F (v, d0) %
Fi (v d°) = g) —r (d°) (2.21)

& LT, H#REELBICHOESMIITET S, HL,

(- )

g(yi) = 1—expd - | ————— (2.22)

N

r (dio) — (2.23)
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ThbH. 22T, yFHEEREEL, d5 W, ¥, pliEklERTH L. EhTh, d°

(TG EBOBIE, YITBERAEICET D L E Wi, yoIxBEEGIER O E IR E

T HMENEE, plIBEERBHROEBIEREZRO ZMEERTH 5. ()iEMacaulay

FEINTHY, (N =(X+|X)/2 LTEESINS.
BEREERY TR TEREND.

Yi = Yra— Iyl (2.24)
Y2 = Yr2— 1yl (2.25)
Y3 = Vi3 (2.26)
Yo = (Yo (2.27)
Ys = (Yo (2.28)
B L,
Wl—%( @hﬁz+mco<hﬁ2+biﬁﬁymy)
YQ—%(ZAQQ'+QC4WQV+QC&@BV) (2.29)
Yiz =3 ( 9 (e3a)” + bs( s (y23)° + CZ ()’31>2)) .
=3 ((811> CY, (y12) + (£22) C3, (y12) + b1 (¥12) C3, ((£11) + (822>))

Th @, bl, bz, bgaiﬁ “/7OU ‘/7’{%;&(&)5
oL, B ARIERICE S &, BEERAIIZBERSRRNT vy LD
BEREEEYIC K DIRMDICTHE 2 b5 [27,28]- %

L OF

0 oFi
d-—Iayi

(2.30)

LB, 22T, AllZLagrangeRERETH Y, WELEFIZ Y v, BEERIKET
ITEEOIFADIE L 725, LagrangeR ERB AR ET H 72 DI21X, BAEKMFEEZBET
LMEN DD, BERM LT, AEOBRGRELEP LT REHERR T vy L ki
FFAET D (IS HBEGEGR AR T & v VO NANCAFIET 256 ITITHIERETH v, S+
HICFET 25 AL S HICHENER L diud e o) 2 L 2R TE4THY,
kAT TERSND.

OF; OF; -
=—v+—d°=0 2.31

—39-—



H2E ZRABMESIVIEESHBOERNSIREFMT TORGER - RERMETME

#:(2.21)~(2.23)5 L O(2.30)% (231~ A LEHS 5 &, Lagrangek i€ 2L A, I3

ag ¢
< Yo y">
99 ar
Ayp ad/?

Ai = H(F) (2.32)

ELTHEABND. 22T, akBidBRBRMNOL I —fRIETHD. £/, HiI~E
YA FEBETHY, RAUTTERIND.

] 1 (x>0
H(X) = { 0 (x<0) (2.33)

PSDE 7 /L D5E & RERIZ, ABFETITFE AR DA% > /2o, 11, 22, 335 MIC4E
TRUART A= EZANDZ L ET5. &5, BHRHAWMOLRZH 5 729, unilateral
NREZETDLENRD. 5T, e=0TH Y, aB L OALITANZE TIIMER L
2., ARLLSNDFRT A — 2 130°, A5 ONHTRERE R4 BLICRE Lz, <7
A= OPRFTEFNEIZ DWW TUEIEATHE 18] Sz, FFNNT A —F D%
Table 222 F L ¥ 5. Table 222 rE N5 Y, 11, 22, 33FMICETH L/8T A —
BERWD EV) HEHMALZEALTHDICH 22053, ODMLD Tid 13/ ¢ o

INTGA—=B DT 4T 4V TINNBELIRA.

Table 2.2 The values for material parameters used in the QDM

Material parameter Value

hi,, h3,, h3, 3.15

hzlw helse’ h4214’ hgs' hgs' hge 2.75

P, il P2, S, 2.75

h3, 3, 3.05

Yo, o, V3 0.0295MPa
Y Y5, Y5 1.7MPa
e ¥R 0.005MPa
Y5, Ve 2.6MPa
dS, dS, dS 0.92

dg, oS 1.23

P1, P2, Ps 0.86

P4, Ps 1.25

b1, by, bs 3.65
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2.3.3 FFRFTHEEGER

AWFZE T, COM®D A v ¥ 2R FVEEBLIE T 5728, Bazants iz k- CTHRES
R FTRI R B [20,21]2 AT 5. FEJRFTRYIR G B OB ) % Fig. 2,517
BlUZRT L 91T, REERICEWTIE, BEORZEZIZDOROBEEHIZ T TR, &
BEORBEHKCL-THREEIND LB 2D, MEXICET 2 ERFHE L (X)L,
b DAL SIC BT D EEBERA(9E AV TUTORTESINS.

1
Vi(X)

di(x) = fv h(s— X)di(9)AV(S) (2.34)

T, VIFZHRIBNI TR ENLIZREAFFHETH Y, hIFERFTEALBEETH S.
AMF7E TIEH(2.36) R T H T A B A e,

Vi(X) = f h(s - x)dV(s) (2.35)
\Y
K| x|?
h(x) = exp(—l—z) (2.36)

ZIZT, kixxtgET AR, IEBZREROERTHD. NI EOIEY — % R
BT HMEIERTHY, BEEIS LIRS, A2 TIEL, k=3 L, HBHEES
T ED 2=y hEIED 45 L 725 X H1=0.5mme L 7-.

Damage propagation on the certain point Damage propagation on the certain point
depends on only the damage variable on depends on all damage variables in the
that point. reference volume.

o

Reference
volume

w/o Nonlocal theory Nonlocal theory

Fig. 2.5 Conceptual scheme of nonlocal damage theory.
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2.3.4 WeibullngiiE £ %

SPHERAFE 2 A T D kHE T SRR E &2 T4 5 7291, Hallett 2342 R L 7=
Weibull il S % [22] 238 A4 5. 2 Z ClEaEil 2 @2 b3 B =3 5 4%, sEHEE I
O Herx M LTc GG 0, ARERBEHUE S 172 Weibullis 2 15 % 1%

Zn: éo (E—O)m >1 (2.37)
ELTRIND. 22T, mIWebulBgE, el LMD A, VIZRBRA K, Vo
IXEEELIRRE, nIIREBEENOEEE TH L. EXojEM e B8 CE 2R
STz REFFETIE, 08 ONHTRERRE R 2 HIZ, g =0.89% Vy=7.4x10Pmm?
L7z, 2, Welbull 2 8miZ7 174 7T A =21 L, 2FEOMLEE

(p=4mm, 8mm)® OHT FRBRIZI51F DM O A & FFEL C & HMEICIRE L7z (2.4.25i

).

235 BTFIE

RETIEOMIT FIEZ Fig. 2.62/~87. 4, NHTHAT TIZOT ARG IS M NET
NIz, FERFTHREHEGRITEA L TW e, ATICIIEAARERIEY 7 e
TANSYSE W7z, BHUEET MITARONE T 7 7T A LTEEL. 1y
AT DK AT v FIZBNT, ANSYSHLRFIR TOOTHaH L, TO/EEEE
(AT e T BB W TIHRIMEBREGER, B OHEELZZE L 2l RET v
VIVERHT LS. W SN EMRET v Y vk —Y —H 7L —F L usermat3ds
& Qusolbegr 7 L TANSYS~ L A > 7w b L, HMERET Vv O ko BIR T
DETEAT TR LR ZTo. T 7 VIE8Hi Ry Y U v FER
I THEIL, ARITEMHEEIC T 2. OHTHNT T, kil Yy, #HEax b
HIE D 7= 8 1/8F 7 /L & % L 7=.

2.4 FRELFEAT

AHITHE, RETFIEOFBIBINES L OMIED TR RAED 7=, NHT K,
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—42 —



2.4

®

Al R AT

Start

y

Update the displacement

Calculate const

itutive equation

Coordinate rotation

CDM Process

PSD model

| Calculate ¥;

from strain |

v

| Update df, d. from strain |

| Update d. from ¥

V

| Update a7

from a7, d; |

| Calculate d” from d; |

N

| Calculate

d° fromd,

v

| Calculate 6,

from strain |

\

| Calculate M from d” |

| Calculate 7,

from &,

N

Calculate £° from 7,

v

Update C from d, n,

Verify the convergence of €

y

O°# ¥ L 45 ONHT
ZiLFigs. 2.7
D FEFRIE R
T HREG D BB
Ga BT D0
sl S iz,
SN

2

Verify the failure criterion

Fig. 2.6 Flowchart of proposed simulation method.

BIZRT

B R <,

N DD,
5iZ,

BETHA~b

Figs. 2.7

LT R 5| 3R BR

mET L

PLBE S Al HE

HiZZ

— 43—

BRI L ORITRS RO UG ) — O il B oo bLige & 2 4
285V, WMICDMET /L& HIZ0°HME L 455
IZoWT, EBRFERELIEFICRS —HTHZ 83005, O TIE1L
—JTTARM TTIXAT R, 2205 4R G, 1205 1R4E
NoDZEEE FHWNETHL Z LN
SH%IBTMBERMEEZEAT L2 LT, WAL ETEM
ThdeHrEns.



H2E ZRABMESIVvIEESHHBOERNSIREFTTOREGER -

400

350

300

Stress MPa
o — [3*] (3]
i (e} wn o wn
() o o o o

]

58 14 ST AE
——Experimental data
—Simulation(PSD model)
- Simulation(ODM_LD)
B S
0 0.2 0.4 0.6 0.8 1
Strain %

Fig. 2.7 Comparison of experiment and predicted stress - strain curves in NHT téstpsd
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Table 2.3 Comparison of the failure strains from experiment and simulations in OHT test.

m Failure strain ip=4mm (Error %) Failure strain in=8mm (Error %)

Experiment — 4.49x 1073 (—) 3.04x 1073 (—)
PSD model 9 3.76x 1073 (-16.4) 3.17x 1073 (4.34)
10 4.04x 1072 (-10.1) 3.07x 103 (0.85)
11 4.43x 1073 (-1.35) 2.86x 10° (-5.95)
ODM.LD 10 4.25% 1072 (-5.36) 2.97x 1023 (-2.37)
S\ CTable2.32F & %. Table2.35 9, m=10, 1LZF W Tl HFLEIZ BV THEWT

OFT HBREFE R E R —H L, Weibullfif#E EEHEIZ X o T-HEZN R O 7323 7T hE
D ENREIND. MERmO TEiTH v, +o2lBREn ik T Riol
0N, S%OMEE LT, WeibulfzE ORBRICE S REER AL LERH 5.

K, MHILEREe=4mm, 8mmoD & o~ LB I2 >\ T, IS/ — O F R o
s % Figs. 2.9 21000773 R RIIM=100 6 D& R LTNS. ZAHD ST

7 X0, WCOMIZEBWT, MHAR TOIEMEREEL LOKHOT A2 B HFHL

TWDHZENRTND.

250
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200 . .
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g
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0 1 1 1 1
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Fig. 2.9 Comparison of experiment and predicted stress - strain curves in OHp-tdstrh
(dumbbell)).
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Fig. 2.10 Comparison of experiment and predicted stress - strain curves in OH#=i8sirf
(dumbbell)).

O°#F, 45°# ONHTHEAT, 2FE O M fLEE D & o~ )L OHT &R i D i 238 U
T, AWIETRET 2 PSDE 7 /LT =Rk SIGSICHE A #1780 R R HE I D W
THATHZEDO ODMLD E ERFEREE TO PHIAFAIEETH D 5 Z &R I N, Z
=T, PSDEF /L, ODMLDDEFF - EATICHOWT, UTFICE L0 5.

PSDET VOERROEFIZ T4y T 4 7 BT DMBHERN TN L ThHDH. NHT
MEBUERICE S X, Fig. 232737 89 RBEA - O T ABKRAES S Z LT, &
OTHRRETCOREBERZ LIS ST LI ENTE, —UONNTA—FT 49T 4
VI EEERW. £O—J7T, ODMLD XM KA EHE 2317 7E L (Table 2.28 R),
BEORBRERICESLS T4 T AV IRREL D,

— 5, PSDET /VOREATE LT, HEOunilateralh F 2B E T /202 &
MWETFHND. PSDET /LTI, BRAEPRECH HICHEITBE R RMEE Y, JEiE
B> THO THMMEREIET 250 & LTERILL TWD. Z D=, Chaboche
ENHELTWD L) RRkxll7 7y 7 30 07 % EBER 72 unilateraksh £ [16, 17]%
WYNCHBRT 52 L1 T& 2. ODMLD TIXZ O REZ2ER-OTHOEAIZL -
TETMELTWD. KB TITHEFALIRAMOLE D 72, AHRITEHTE D
n, AMBRWRBREEZ R E T IHAICEAPDROBMIV B VVCEERLETH D,
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Fig. 3.1 Single-stage air gun (top view).
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(a) Ilustration of the exposure angle of soft X-ray radiograph and the section of X-ray CT.
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(d) Soft X-ray radiograph with penetration. (e) X-ray CT sectional images with penetration.

Fig. 3.2 Damage distribution with no penetration={ 124.4njs) and with penetrationv(=
195.3njs).
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Fig. 3.3 Three kinds of damage propagation mechanism; (a)shear crack, (b)surface-bending
crack, and (c)spall fracture [16, 17].
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Fig. 3.4 Relationship between impact velocity and projected damage areas measured from soft
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Fig. 3.6 Model setups in (a) Model (1), (b) Model (1), and (c) Model (111).
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Fig. 3.7 Conceptual scheme of the SCM. Top: Example of failure under longitudinal tensile
loading. Bottom: Comparison of the constitutive relationship in the SCM with that in
the general framework without softening process.
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T PN R AE [BL A2 7 1) DR IE 28 50 da 12 W T, Yoshimuras: 2342483 % CDM [11-13]i2

HEAONWTERMLT D, RET VT, BIHERAIE G 2D &, HIEMENO Helmholtz
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1
e= > (1 - di) Craed; + {2 = (di + 0o)}Croe11(E22)
+(2 - dh) 2C10811(—€22) + (2 — d) 2Cy3811833

+ (1 = dp) Cox(ea2)? + Con(—£22) + (2 — 0) Cox(enn)ens (3.14)

d; +d
+2023<—822>833 + C338§3 + (l -2 + %
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FlFa—HF—H 7L —F VUMAT & W TEE L. BTV 7-T700S25920

B 1 [30, 33-36 Table 3.42 773
TR D 4% J8 1P FE 2y VU~ FEFE (C3D8R) (IC Toydl L, FERIEHs & ) EH#
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Table 3.1 Material properties of T70@592 [30, 33—-36].

Elastic properties [33, 34]

Longitudinal Young’s modulu&;; 135GPa
Transverse Young’'s modull&, 8.5GPa
Out-of-plane Young’s moduluEss 8.5GPa
In-plane shear modulus;,» 4.8GPa
Out-of-plane shear modul@;; 2.7GPa
Out-of-plane shear modul@s; 4.8GPa
In-plane Poisson’s ratie;» 0.34
Out-of-plane Poisson’s ratigs 0.49
Out-of-plane Poisson’s ratig 3 0.34

Fiber failure

Longitudinal tensile strengtK, 2550MPa [33]
Longitudinal compressive strengk 1470MPa [33]
Fracture toughness for fiber tensile fail@, 60.0N/mm
Fracture toughness for fiber compressive failafe 40.0N/mm [35]
Delamination

Mode I interlaminar maximum tractioty 69MPa [34]
Mode Il and Il interlaminar maximum tractiot},c;, ~ 100MPa [34]
Mode | interlaminar fracture toughne&$ 0.277N'mm [36]
Mode Il and Il interlaminar fracture toughne&§,GS5,  0.788N'mm [36]
Mode interaction parameter 1.0[30]

EPEEL L THEREEZER L., BITET v, BEREMNE, BIUX v v aTiEzFig.
38T, mAlEERRICT, MBRAITGRICHEMFF SN TWD 2, FHE i
T BE R R B LT, SRR — R i, F 8 Ak — 16 B [ o 2 fil it
ZAT 9 T2, AbaqusiEiEd LagrangeR ERBUEICHE ST LT U AL EfMH L
7. F£70, BHRBENO/RG EFER (CREE L7 B8 I2iE, 7 T v 7 ek o Bl
IZOWTHE—DOTNVTY XL THEHH T T 5. Ayia~fIEIZO>0TIE, CZL
ICHESWTIRE LTz, YUy RERORE T, FLECIEEFICHE S 5l I XY
T—RITOZ 7y 7HORTRENDTD, AyivatiEElg L TE L, SMIDOHE
BOCIERR 3 2 FPHIRD 2Dl LW REL, Il FedkomBILEZ. —FT,
FMANERORBTIE, RAESEETIICHEY, TE— RITOEBEERNEL S D
LPBEND D, M Tl FERDEHIICA v 2B LI,
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Initial Velocity

Impact point Point Mass

-
-

60 |55 -~
Y- Symmetry
¢ u,= 0
f° 55
90° ’ R Stacking: [0/90] 4s
60 Jig Projectile & Jig : Rigid surface

Ply: Reduced integration solid element  Interface: Cohesive element

L .
0.25%0.25t00.8 025%025 0.25%0.25t00.8 0.25x0.25 unit: mm
( Distance of embedded cohesive layer:1.5)

Fig. 3.8 Geometry and boundary conditions for simulating a high-velocity impact.

3331 AyialkFH

FEMZ W TH B ORE, BEERIEZH O 56, ITRRO A v ¥ 2 KFMEICEE
TOMLENDHD. UTFTIE, RETH) SHEEEMEICENTERTRESHEETH
LHEBRME, BEEE, BLOBEESMENLETNIZONT, MBITHERDO A v v 24K 77
WEELRTD.

F9, BRI U TR, #RHEDT R IS PE 5 10 3 — 80t 23 SRl 72
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KEMEEzEI W EZZOLND.

WIZ, MENBRIZTET /ML L ERNIZ< BEO FRIERE - 2MmIcB L TIE, Ay
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SNFTNT Ty TITONT, A NERICTET MET 256121%, HEOmHE
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B L TIE3.3 48 CREMICiEm T 5. — AT, vAVF IV 797 %CDMIZTET
MMET D52, BRERTELDV I I/ EELZHRBELEDS L), Aviath A X
ZERITNSKEDTLITED, Ay a KR ARENT L2 ENTE S, RUSET
X, AT 5 Ay a~HEORIED 2%, COMIZET 5 A v o = & fRAT % Fhe L
7. REMHTCIX, 6D A v 291 X(0.15mm, 0.25mm, 0.35mm, 0.5mm, 0.75mm,
1.0mm)ic T, FEHBEDO 7 — A (v=125ns) & xR & L TREMT 2 %0 L7-. W, 2o
NV ANR—=RAT T 97 ZCDMIZTET UL LTS, FED A vy a2V A X TO
FRAT G S O ek & Fig. 3.9~ 7. #iElliZCDMIZ TERAb X v 2 1 N ke B2 7 17
BEERLPEMEICZE L EHBZOREEBHEZTIL TS, Fig. 392 A5 L, Av
Va A Xe/hEL LDIEEREZAGHBIIRE <2525, 0.25mml FTIEE O
AR L TWD 2 LR ng. fiEsT, RIFFETHEMT S A v =244 Z(0.25mm)
FHaichE<, FPHRERIIA vy V2K FEEREEZA SRV L BRIz,

Projected damage area (CDM) mm?

0 0.2 0.4 0.6 0.8 1 1.2
Mesh size in inner region mm

Fig. 3.9 Projected damage area predicted by CDM with various element sizes.
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FEMZ W THBZ M O @A E SRS 0 E o0 “MEoREME” 249 5 56, 23R
DB, ZIUTHE D FHEAGEE L, ZERMESOER TR EREZSAG W, Z
D=, BENBREL T DRNMZEDO X O RER LI RE 20 T 2 D 5 2
EndH 59,101 — 5T, IcHEZ TR TV EFELEMICHIBRL TLE D &,
FRo XX b2 BN L H D70, EESMLETHDH. AR T, HIE
RIS < BHRUIRIERESS L OPHEIC LS EHRYIRLAESS  AEAL
7. ﬁﬁﬁz?ﬁ‘éﬁméléﬁ-Eﬁ’:{“ﬁmﬁ{%%iﬁz@Eﬁﬁiﬁzi%h%“hdg:0.999, d¢ =099¢& L,
B S 2 L7 BRI B RHEIBR T 5. — 5T, i ki B 22 5 1 D B 15 28 5 oD il S+
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7% MAT, OFTHEITHED < ERHIFRAEETS
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334 HRELIUEE

FEE @D A — % (v=120— 130nys), Eil D 47— % (v=180— 200nms)I2 51 5 %€ F
JU T OEGEE BiG 0 EERRE R & TSR O i A Fig. 3.102~ 9. £, HFET
DETNYA X, BEBEmAE, ERE ORZE, FHRFHICOW\W Table3.22F & ®
. BEREEBROLK I, WEEKICBWT, FEEBICHANEREZEAL T

No penetration Penetration

Experiment

v=125m/s Interface
1-2
2-3
3-4
4-5
5-6
6-7
7-8
9-10
10-11
11-12
12-13
13-14
14-15
15-16

Simulation
Model (I)

v=195m/s

Simulation
Model (II)

v=195m/s

10mm

Simulation

Model (III)

v=125m/s v=195m/s

Fig. 3.10 Comparison of experiment and simulated damage behavior with and without pene-
tration.
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Table 3.2 Comparison of experiment and simulated damage area and CPU time with and with-

out penetration.

Experiment Model (I) Model (1) Model (l11)

Number of nodes — 1381204 1418458 1378006
Number of elements — 773790 798402 771684
Damage arefmny) 726 659 952 607

No penetration Errof%) — 10.2 23.8 19.7
CPU time (in) — 240 617 346
Damage arefmny) 1245 1260 1286 1123

Penetration Errof%o) — 1.2 3.2 10.9
CPU time in) — 724 1665 546

% Model (1), (Il) TGO KB T v 7 8B X OF IS D BRI < Bl R %2
BTETWADA, HmEICCOM A L7z Model (II) TlXZ b oBEER %] 2
HAILTWRVY. ZORRITFMIC TR s Ty 7RO E T VEFIEICHE
ThHEmAEXETAMBETH D, £72, Table 3.22F8 > TModel (1), () % ki#gd 5
L, BEHEGmBEO PRIRRZ, FHEFFMILIZ, Model (I) X v ¢ Model (1) 23 LT\
B ENyND. KT, HERHOEIBEETHY, REOY T v EEATTERIC
TET /M L7=Model (INiX4E7 /L T bMTREHAEVWOICX L, A T1EED
FHZEEEICRE L, fthofE CIXCOMAEH 92 2 & TModel (1) TIXFHERERH %
SUTIEBMTE D 2 N0 5.

BEETIVOMNTREE % L0 FEMICKRAET 2720, SEMIEHSHERO 7 7 v
AN DNT, FEBRMER MR L L2 b 0% Fig. 3.1UZ7~7. Fig. 3.11Z
BWTIE, FFUAN—=Z27F v 27 %CDMICTET /UL L@ TIE, COMTERAL
LIcHBEEBGPERMEICELEY Yy FEREZRLTEY, e NHERIITET
MELTEBCTIERERICHE LKA NEREEZ R LTS, EREREZRL L, &8
CTHEEBEEAD Y Ty 7 BRAEL, BEERICII<KHEZFEL TOWOIRTFLHETE D,
ZOXoRBEEOMmERD LSHRLTWSDEModel (INTHD. LLARRND,
Model (Il) Ti%, MANEEOFAMBLVER Y T v 7 OFRE, ZHITHES =R
F—HIERNRZ GNRWD, TS0 VF—2@RIE<HEE LT L, X
SEEEAEOBKFMICER->TNEIEDEEZXOND. BENERE L VEICHA
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Experiment Model (I) Model (II) Model (III)

ai
Plies 2&3 ' A 7,3:::1:;3‘”-\
Interface 2/3 v 8 I i jilE%

Plies 4&5 ¥ A v
2 F Y x = ﬁi)t‘xt -~
Interface 4/5 t A e iz A o

Plies 6&7
Interface 6/7

Plies 9&10
Interface 9/10

Plies 13&14
Interface 13/14

Plies 15&16
Interface 15/16

B Fully damaged elements in upper ply judged by CDM
 — [ Fully damaged elements in lower ply judged by CDM
20mm [ ] Fully damaged cohesive elements at interface

| Fully damaged cohesive elements in upper and lower plies

Fig. 3.11 Comparison of experiment and predicted internal damage distributiori2bms).
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THE, LVERKERTHINAEEEZEZ NN, FFEaIX FOEMEHR Z &N
THEENSH. Model (), () Tix, HrEx2kRE, BRl-BES L~ L. &HE
BT, MANERZE2MHT 0G0 TORBEZ T2 PHIBE OB S i
DRHOOLND. HHEELIINOCDMAw#E M L7z g TR 7 7 v 7 IZiETt&E Ty
RN, BERSATHHBIIERIFE-HTIERLR->TVD. 25 OREE
ME, KB Y T v 7 OFT AR LEREE, 13 < BEIR OB 2 TR B L 72
DA IZIXCOMILIE L CTW W, v v F TN T Ty 7 OamfEk, il ik
<HEmAE%EL TR 5 BT, COMIZ+aR THREL2ETHEE525.
HIBRMEIZOWTIE, 2R TOMITET VBT TRIFTRE Th o720, BUEMTIC
FBUNT, BEIERFVEIIRRHE T 5 SR Ok EE U AMEEGE, D fflc K& (KfFELTZ. »©
F 0, @O TR0 ETIESCMIZ X o THHME S M S RAEEIZ L 5 =L ¥ —1
GAEYICEET D ENEBETHL LS L5, AFETIE, HBHMEOGE 2B 5
MNTIRMNoTTd, T4 T 4> 78T A —2 L L, mdEEIC CEERMERS X OE
GHEEOW G % TRIWRRRMEIC 7 v T v 7 Lic. GY NS E L8554, MRAE
IAEE R A I E® L, ARIEER SO RPTERICRE S S, THRIE
SBEERIT/NESL< 2%, W, GLRKREME 256, HENPHFIHTERYL. 07k
O, AL THE LT2MEGT, = 60NMMITEHMRETH D EBEZbND. EFE, =
DEIE, MEHIEZ: 523, Hexcel F5932%f U, #EEL%E 5 FEJE Ak O OHT £ % 81T
5 &9, Rdh&d&ENR 7 47 47 LIcfE L RI—Tod 5 [37].
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ARETIX, CFRPEEJE MO = s i 8 T C oD i i B 4 A 7 0 W] RE 7 S0 AR AT F 125 e S7.
AL L, ERTOFMRBEBEICESHALZMMWRBEET ) 72 EL
. FY, mEE R 2 o Rk O B @ IR A ATER 00 20 0 I THEME L, Xi#R
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(¢) X-ray CT image of QSI tests [3].

(b) C—scan image of OHC tests [5].

Fig. 4.1 Internal damage distributions of CFRP laminates in OHT, OHC, and QSI tests [3-5].
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Characteristics Numerical models
Nonlinear stress-strain response (i) Pressure-dependent elasto-plastic model
Transverse crack & Delamination Transverse crack Delamination
» Interaction (ii) XFEM / Zig-zag
» Pressure-dependent strength enhanced CZM
Longitudinal tensile failure (iv) Weibull criteria
Longitudinal compressive failure (v) Smeared crack model with LaRC03 criteria
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Fig. 4.2 Modeling strategy for progressive internal damage and failure of composite laminates.
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Local coordinate

Base surface
[divided by three-node}

triangular element

Fig. 4.3 Boundary-value problem for 3D elasto-plasticaxis unidirectional laminate includ-
ing arbitrary-length crack along fiber direction.
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2D crack modelling using ¢(x) and w(x) Classification into 3 kinds of triangular element
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3 kinds of pentahedral element can be obtained

Fig. 4.4 Schematic diagrams of quasi-3D crack modeling. Left: 2D crack modeling on the base
surface by the level-set XFEM. Right: Creation methodology for semi-structured 3D
pentahedral elements based on the classification of triangular elements according to
nodal values of sign distance functions.
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Crack surface Crack line A

1 P 2

@ Heaviside enriched node

1 Base surface

® Normal node

Fig. 4.5 Definition of a pentahedral crack tip element.
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REARAE 73 28 A L7-. B-BariEDEflds L O XFEMIZ 1T 5 B-BariE D B D i

IZOWTIIfHERFE S I -,
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423 F5YRN=R9TvY /BRI CH-BKEREREENETIL

AL TIE, CFRPO® AW E OFKIEIKGFEE BB T D720, BT A=
757 LEMIZLBEOTE T NMICZECZME R+ 4. ZECZMTIE, LiZ%kn#txR4
5K ERGFRICZM [25]Ic S %, GO EZ HE T 2 IROREG 1%, R

FHOZA N X —OREIFEHZRAO LI ITEETS.

2 2 2
($¥)+(%}J +(Eﬂ) =1 (4.24)
tI tshea tshea
(%J+(%ﬂ)+(%ﬂ):1 (4.25)
GI Gshea Gshea

ZIT, o, by, tn BTG, Gy, Gt EnAE— FOKE DR LTz
X —fRETH L. £, 1€, GUTE— FIOMEL KL OBR =R L —MHETH
5. BT, == R, N OFRER KON =RV F —BHERNE—Th 5 L RE
B L OGS LKA %

sheal

ERFELTNWD., 22T, &

sheal

L, th*ths G

shear shear

BRLCHBEES LA AT —MERTHY, ThLEThRAUITRSND.

tohear= tshear™ 11t (4.26)
tC \?
Ggﬁear: G(s:hear(tf:ﬁ:) (4'27)
sheal
L, €€, GS . iliAkEMlEtEE 2 LAV O A KT — FOME &R~

TV —RFCR, pid AWk ST 5 AR E S ) O R A & R T BRI
ThDH. ZECZMIZ BT B A @ R L OWE kB4R D& X % Fig. 4.62/~9. 8

Z‘H A Z‘H A

Enhanced _ _ _ | _ _ _ _ _ o _____. Py I

criterion

____________________ o P Zig-zag
Quadratic softening law
criterion

GS:

shear

Quadratic
criterion

GC

shear

511

~NY

Fig. 4.6 Schematics of zig-zag enhanced cohesive zone model in Mode I1.
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FE D # K EAR A7 (X(4.26) i X Mohr-Coulombe 7 /L i B S\ T\ b — 5T, A= x
IV F — R CR O F K EARAF R EITRIZICERIC AL NI SN T RY., 2D
D, AN(4.27)TiE, HALEBROM E PFOKEKRFEZBR L 2WGEE L ITERD Z
EEMREL, BATIRLX—MIEEHENSETND.

F72, Fig. 461277718V, MR 4G LLIRE O LI T, WRMEERZ S HBY
THIEHILR| Z X — 2 & LT Zig-zagik LI Z3H A LT\ 5. Zig-zagikfbHI & 1%, #X
LBFRIZB N TR I EDOEORIEE V25 2 & T, BFETONCRYEE A
i<ETATHD. 22T, MIMtEZE—EMIZR M Zig-zag &) (X Tit = > D%k
P BREIND.

o MEHALRIN S DIREN T I/NELfimh b Z &
o MMT XN X —HmBENHRIEHAAE —ET 5 &

Zig-zagif{bHIl 2 & 6, ZECZM®D ERAL O FHAIZ S W TIEMEEEX BB I, £
7=, KR TIX, T AN—=RT T 7IZOWTIIXFEM, EMIX< Bz oW T
AN EFELHWTZECZMAEZE AT 5.

4.2.4 77 M 51 53R KR — Weibull 55 ER & %

FEARBINS, IRAMWAMEIIVETERI R B TH Y, £ O 51 oR5E B MR 2 i o K D HLat
HIDARICZE S D Z ERMBILTWD [33]. fE-T, Zh b OMKEIZ L D kS L
% — G M OAE T M BRI DWW T b [AERIS, BTET 2 KB O#EH5
MK ESNDbDEEBEZBND. ZO X9 R—TFWEEMEOMMETT M 5] 3-8
Z TR 572012, AL Tld Hallett% 282 % L 72 Weibullil 82 J: ¥ [4] 2 8 9 5 .
TR E AT R Z T 50, MEREICSHecERA LRG0, AIRESR
HEL S Lz Weibulligg g ZEvE 1T AUs TR SN S

Vi (o m
ZVO(O'_o) > 1 (4.28)
Z 2T, miZWeibullfa$k, oold 2EYELIRE, VIXEER AR, Vold BB ARE, nix

RAEFIRANOERE TH 5. LR EbidffEkCars s, KX (4.28)
I EABEBOMME T IS EE TR LADLELERE 2->TEBY, BaEkofaeit
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R T 5 7w — NV IR I AR FLE L T o TN D L A VR A B oD o e L v
TIERAR WA, — IR T SE T O MEHE J7 1) 5 | SR AR 13 Bk N5 L2 B8R 4 (R D o & i
ZHEAT DT, KBFRIZIBNTIE, SIIRAR T TikWeibullB g L HE AN 72 S hu iz
IR C IR ICE D EIRET 5.

4.2.5 kA A ERERIE — LaRCO3MEE £ # ~ Smeared Crack Model

SchultheiszZ- Waas?D L B = — [34] 2 L % &, @i EMHE & mRlE~ Y 7 206
72 % CERPISHAE T A [EME AT I S & SN D %6, F o7 N2 FIEE(Fig. 4.7 [35]))°
FERIEA D =X L L7 % . —i%lZ, CFRRIFEMZ:—Hm~Oflm & 37 67,
WIS 26T 5720, EMIGT T CIEB#ERICEAWNIR IR AELT S (A). 2
HAWS MO A2 DRI A L (B), AN T I & AWIS 713N %
(C). ZDA)Y~C)DHA Z T LD, LT AW DS B ET D &, i
HXZD~ BNV ADWENREL, 7N RERIZE % [36]. Davilak Camanho
XX 7 N NIRRT T DB EHE L L C, LaRCOJWEEILE 28] 2 E L T\ 5.
AL EALOFEMIT S ERDEZ SR I 2. LaRCOFIESALHETIZ, — W
B0 JFERE B BT IS &, BRI 2 2 B oD B SUHE a1 5 44 2 007 J X OV) 1 R 3 £

|
|
// il
TR >4
;’;;"4, [

K Compressive stress

L B B ¢

1
1|

| ;Ji'. 16

I
"1H B ,“ byt
T . 0y
P

o RIE B

Fig. 4.7 Kink-band formation [35] and coordinate definition.
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FEo T TR RO L IR 5.

| 1-\1-4(3 +m)
6" = arcta (4.29)

2(% + 7]|_)

» X .
" = (1 - —_) <" 4.30
o (4.30)

ZIZT, S, X, GulE b O mICBE+ 2 AWRE, EMRE, Ak
AIECTd 5. £z, o lTHRHETT ) A WrsR L3 2 AR ES ) D K S
RITBEHE/RETHY, wAUTTEE S S [28].

S cos(2vg)

Y_cog ag (4.31)

22T, Yol MM OMHMEE A T M EMEIRE, aolXEAHDO~ b U 7 ZITA T DK
BEOMETHY, A Tiday=0% L TW5. LaRC OFBEFLNE T, MRz
1 O FE 2 K (@4.30)THE SN 50N E L, TAMOTAREZAWTHES AT v 7

THIRHME B iR B A TR U, HRAME RIS A BE D AR SR T DS Sk 4y A B D TR T
BHIEZAT D

<—|TT2| . "LU?2> =1 (4.32)

S.

EFET/R L7z LaRCO3RIESEHE TiX, ¥ AT v 7 IS HME RIS 4 2 589 %
VERH DN, ZOFIMEE—RICEBIEORFEZBELLSELZERMLNTND.
MaimiZs i, R LY E O JEFE R % R (4.29) CHEH S b — T ks O i S mliE A B
O ITIEE L, WIS THREEE AR U 72 i 1 B 43 12 CR(4.32) D ) & & Efa ¥ 5 1&

TFLaRCOJWHE LR 2% L T\ 5 [37,38]

O11+022 011—022

o= 5 C0S B + 745 8in B (4.33a)
o = 011 ; 022 011 _ 022 cos 2 — 11, 5in ¢ (4.33b)
= — g ; T2 sin 2% + 712€0S B°" (4.33c)

ARKWFZETIE Z OETFELaRCOFRE L EL R HT L2 L LT 5.
F 72, MEHE S M EREREE C1E, BT 2RO REMENICE DRI RTINS s
N RERNELD D, WEEROKMEET NV EEATLINERND H. AU
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X, ¥ AN NERICHE) = F—HORAZEYICH Y % 5 BT, Pinhd% 2342
%79 % SCM[29] % AT 5. SCMIZ K-S < ffe 7 11 LA IS 7) T C O MR B 4% % Fig.
4812777, Fig. 4828\ T, Ep [FEMCOME S Yo 73, GEiFxr s v
RHEJR IS 5 B R 3L % —MROR, 09, &0, 1T UE A i 72 L 72 R 5. C Okt
MG ) & OF I, & ITIEN E 2R LR T O34 Th 5. SCM
TiE, EENTHERT 20T HT R AT =G OT MO TR O ERE) & EHRNIC
FUITNYRPET DT OICBERT R LT =NELL 2L L), RADL DI
L EEAT 5. SCMOERILDOFEMICE L T332z M.

2GS

(o]
oL

fo_
€11 =

(4.34)

AL, LEERO/RMEERITHY, ZZTEFU IV FORICHY T 5. AT
X, LHEEERAZRAT 52, ERAORMER SIIFEFR Lo AR ERAOHEBAZ

ATz THEET 5 [6].
6 [A
L _6[A 4.35
m\/3 ( :

F 72, Fig. 4.8 k@Y, WL ICIEZig-zagikL Bl 28 A4 5. Zig-zagik{k Bl D
ERALOFEMILMEREL Z RSz,

f 0
ST 2l
:
[}
[}
[}
1
c ! k.
G,
|
[}
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softening law !
|
|
|
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LaRC03 = === ------ on
failure criterion oy,

Fig. 4.8 Constitutive relationship under longitudinal compression.
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4.3 FREEFEHT

ARFETIX, BETFEO PR ERIED -, IM7/85528 L O'T80093900-2B% *f 4
& L, OAT - OACHi##HT, OHT - OHCHEMT, QSHEMT A Fh L, MEATHS R & EBRE R o
bk A217 9. IM7/8552 T800$3900-2BD 4 fé& i1 BtV z Tables 4.1 4. 212773, &4
BHRE oD G VB PEAE R O BB ERL, Z A HE [ % O OAT s 5 2R [48], Koerber:
DOACEIR A A [22[ITHE D W TIRE LTz, MEHEBDFRETTEIZ DWW T B« £
Iz,

R FIEOMT FIE A Fig. 49277, BERZXIR LT IHAITIE, BFERT
DBIRRIETIIN N T o AN=27 5y 7 ROEMIE BEDO R A - ERICHEZ KT T 7
D, B RAT BT BVIRAT 2 Sl U 7o, BT TI, WARHE TR R EE (180°C) 7 B
FEIRQOCC)~DIRELZBEL, -16CCOIRELIE 5 27-. £7-, BVt L A
WA CIIEER RN 2 E R T 20BN D D72, BRI Efitk, A8, £8o
WRTOIRT) « OFT HE2GI SN LT, BERFMEZELE L, A2 £ L 7.

( Start ’

Model Thermal
Preparation Analysis
2D input > 3D model . Displacement increment

Progressive Failure Analysis

Newton-Raphson iteration

L
v v ! v
Plasticity Kinking Matrix crack Delamination
Elasto-plastic =~ LaRC03&SCM XFEM Interface element

constitutive law | | |

Fig. 4.9 Flowchart of proposed simulation method.
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Table 4.1 Material properties of IM552.

Laminate properties [39]
Longitudinal Young’s modulus (tensioi),

Longitudinal Young’s modulus (compressidg);_

Transverse Young’'s modulls,
Out-of-plane Young’s moduluSsz;
In-plane shear modullG;,

Out-of-plane shear moduli;,;
Out-of-plane shear modul@3s;

In-plane Poisson’s ratie,,

Out-of-plane Poisson’s ratigs
Out-of-plane Poisson’s ratig 3

Codficient of Thermal expansioin
Codficient of Thermal expansioi,
Codficient of Thermal expansiom;
Parameters for ZECZM [39]

Mode I interlaminar maximum tractiot
Shear mode interlaminar maximum tractign..
Mode I interlaminar fracture toughne&$
Shear mode interlaminar fracture toughn@s§s,,,,
Mode interaction parameter

Friction coeficientn

Parameters for Weibull criterion [42]
Weibull modulusm

Characteristic strengti

Characteristic volum¥,

Parameters for LaRCO3 criterion & SCM
Longitudinal compressive strengkh
Transverse compressive strenyth
Longitudinal shear strength_

Fracture toughness for longitudinal compressive faitBfe

Parameters for plasticity
a1

Aas

de6

Au

M

A
N
ot

171GPa
140.9GPa [40]
9.1GPa
9.1GPa
5.3GPa
3.0GPa
5.3GPa

0.32

0.52

0.32

~55x 10K
258x 1075 /K
258x 1075 /K

62.3MPa
92.3MPa
0.277N'mm
0.788N'mm
1.0 [41]

0.3 [26]

40.1
3131MPa
1mn?

1690MPa [43]
185MPa [44]
92.3MPa [39]
25.9N/mm [45]

0.001

2.0

2.99

20x 10712
3.8

1.76x 10720
7.0
332.5MPa
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Table 4.2 Material properties of T80BS00-2B.

Laminate properties [46]
Longitudinal Young's modulus (tensioii) 1,

Longitudinal Young's modulus (compressiday),_

Transverse Young's moduli&,

Out-of-plane Young’s moduluSs;

In-plane shear moduluG;,

Out-of-plane shear modul;;

Out-of-plane shear moduls;

In-plane Poisson’s ratie;,

Out-of-plane Poisson’s ratigs

Out-of-plane Poisson’s ratig 3

Codficient of Thermal expansiain

Codficient of Thermal expansiaim,

Codficient of Thermal expansiod;
Parameters for ZECZM [46]

Mode I interlaminar maximum tractiot
Shear mode interlaminar maximum tractign..
Mode | interlaminar fracture toughne&§
Shear mode interlaminar fracture toughn@s§s,,,,
Mode interaction parameter

Friction codficientn

Parameters for Weibull criterion

Weibull modulusm

Characteristic strengtiy

Characteristic volum¥|

Parameters for LaRCO3 criterion & SCM [46]
Longitudinal compressive strengkh
Transverse compressive strenyth
Longitudinal shear strengt®,

Fracture toughness for longitudinal compressive faisfe

Parameters for plasticity
aQ

s

366

Au

M

A
Ny
ot

153GPa
132.6GPa
8.0GPa

8.0GPa

4.03GPa
2.75GPa
4.03GPa

0.34

0.45

0.34

0.0/K [47]

3.31x 1075 /K [47]
3.31x 1075 /K [47]

66.9MPa
100MPa
0.54N/mm
1.64N/mm
1.0 [41]
0.3 [26]

40.1[42]
3100MPa [46]
2200mn? [46]

719.4MPa
193.3MPa
118MPa
25.9N/mm [45]

0.01

2.0

1.6

32x 10
3.8

45x 10718
7.0
138MPa
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4.3.1 ®m# 515k - EHEREHT

AETIE, IEREERO TR ERIED -, OAT - OACHMT % FEfi+ 5. = 2 T,
—HEMANDO 7 Z7 v 713 ELRFFICELLERL, ZRICHERT D EAKE—F
DRBUIC L VIR EZSD 2 ENNEE L 25720, BEMITIIThR N & 4%,

IM7 /8552

IM7/8552(Z B3~ % OAT s BR i R ITFEATHIIE THE S TW iRz, OACHEMNT O
7 Ef L, Koerber® d ekt 5L [22] & OB & 1T 5. * 5 & 5 M8 LIE 03]
(6 = 15, 30,45, 60°, 75°,90°), B A ~FHikIZ R & 20.0mm #§10.0mm /= &% 4.0mm
Th D, RNTREE L RS [22]005 5 — OF 2 B oo Lk 4 Figs. 4.10 (a) (b)ic =
F. Fig. 41028\ C, FEHE, MHRIXZ N E AT BB L OERE R [22]2 7 L T
W5 Fig. 4.10% L5 L, FRATHRS R IIRHA A IS Ko TR D IERIE BN SV T,
FERHERLEBD—HEZRLTWDL I LA TED. 20k, AUFETERM L
SHLAE MR BRI OACER T O EME — B AMHE SIS 154 T T O IERRIE 2 8) & 75 81 7]
BRCTHDLIENRINT.

T80053900-2B

T80093900-2B.Z [ L Tix, OATwERAE D HIATHIZE [48IC THE STV D720,
OATfiftir D H FEfiid 2% . x5 &3 2 fEtipklL[0.4] (6 = 10°, 20°, 307, 40°, 50°, 60°, 707, 80°),

(@) 500 (b) 300

=== 15° off-axis === 60° off-axis
450 ¢ Experiment | /4 _e-e=="I== Experiment
250 - 7 e ]
400 ——15° off-axis Jrlos” —60° off-axis
r,” . .

L Simulati 2> Simulation

é 350 1mulation &z‘ 200 1 " :
= 300 | ---30° off-axis & -=-=175 0ff—ax1s
2 Experiment % Experiment
2250 g 150 o .
@ —30° off-axis @ —75° off-axis
= 200 Simulation E Simulation
A _ H100 e .
150 == 45° off-axis 90 of_f-ax1s
100 H Experiment Experiment
—45° off-axis 20 —90° off-axis

30 S;mulation Simulation

0 L 1 1 0 1 L
0 2 4 6 8 0 2 4 6 8 10
Axial strain % Axial strain %

Fig. 4.10 Comparisons of experiment [22] and predicted stress - strain curves for vafious o
axis angles in IM7552 OAC tests.
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AR AT R £152.4mm 1£19.1mm & X134.5mmT o 5. AT HE R & 2B R (48]
DI — OF i fp & Ok A Figs. 4.11 (a) (b=, Ko%K, Wkizeh =
IURRHT#E s L OVHEBR S B [48] 2 R L T\ 5. Fig. 4.11% RL5 &, kT 5 B34 A
FEILEoTHERIIFRMELEHMEZ RS FBHRLTWDLZ EDB00D. AERLY, Aifst
TERH U 7o s B4 R HIN X OAT &R T D 519k — ¥ AWHE A IS 1S T T & IEMRIE 25
a2 THIATEECH L Z EN RSz, £, MEHRIZERZ 528, OAT, OAC i fig#t
(CEHAFRETH U, Bl - JEMEm SR T CIHREEBZ PRIFRETH D Z & D iER S
ni-.

4.3.2 M. 5IRAEN

REITTH, SMEE CORPIS RN E x5 & L, OHTHREE O TR B ik &
KT 5. ZhZh, IM7/8552/%Greens [1] D ekt 5, T800S3900-2Bi% JAXA
A B 2T — 2 R — A [46] 8 L NIAXAFENT — % [49] L Dbl %17 9.
Fram Chib~727, CFRPRUEZE SR OOHTHRER TIE, B o&f LR S,
g, JE S, MALBR)SCHEEMAZ L X D L REPHMEET— AL 2 ED RN A
LbILDZENHEINTND [1]. ZOTENRITINBBEGERZKBLIZEDTH
D720, N FIED TR ERGEICE LM pl Th 2 & 5 2 5. HEET— NI
Wi DI & () etk EE T — F, (i) 747 ¥ MEEE— R, (i) 8 R < HEmE
F— FOIFEFITHATE 5. SFEWEIIFg. LATRL7ZEY THD.

(a) 450 ——10°off-axis (b) ——50°0ff-axis
400 Experimeflt 80 r Experiment
---- 10°0ff-axis 70 L ---- 50°off-axis

350 Simulation Simulation

g 300 —20°0ff-axis £60 —60°off—axis
= Experiment Experiment
2 250 ----20°ff-axis @ 50 ---- 60°off-axis
£ Simulation £, Simulation
; 200 —30%ff-axis ; — 70°off—ax1s
7150 Experiment %30 Experiment
< ----30°0ff-axis = 0 7Q°°ff'?Xi5
100 Simulation 20 Simulation

50 40°0ff-axis 10 + 80°0ff-axis
Experiment Exs)erlmeflt

0 40°off-axis 0 ‘ ' ‘ ' 8(_) Off'a_X‘S

0 0.25 0.5 0.75 1 1.25 Simulation 0 0.25 0.5 0.75 1 Simulation

Axial strain % Axial strain %

Fig. 4.11 Comparisons of experiment [48] and predicted stress - strain curves for vafious o
axis angles in T80QS900-2B OAT tests.

—-100 -



4.3 RELFEMT

AWFZETIE, T — ROYEICIE, Hallett 82242 FiE 4 28T 5. %
e — NHEFIEOMEZ Fig. 4.12277~7. Fig. 412400 7 7 7 |3 CFRPEELL % 5 18
JE R O OHTRER 1T 31T 2 MR 72 fif B — M 2 7 LT DL JRHME 7 m A 382 203 38
ATHZLRL, NTUAN—RT Ty 7 LREMIT BENER L oo THREMIEICE
%6, WHEAHBO ) TOAT Y v 7 17, BLXORINIZHE SN L BEEEEH
DIZS BEN RN LZEERICESTZBRICE LWHEREEK T 2523 ok )z
ATHE T BRI BEMEE - FEHET S, —FT, LRI O RMER TR
F 2 X2 DARIC A B2 48 © Weibulll S JEME 3 it 7o S 2 856, it 7 1 ik 2 2
ROMMEEE—F, b LI AT 7 MEEE— FEHET S, RFETIE, Mtk
BEE—RFETNVT U MEE— FEXHT 52 LT TE R0,

IM7 /8552

AHITILIM7/8552% %5 & L 7- OHT fi#r 2 32k L, Greenfs O ek AL [1] &
W9 5. FEYERE R IZ[45/90/ — 45/0]s & L, 2D R 7 — U o 7 HiEIC ko TR
B2 ZE L THBEOBRUE iIEREx% T4, IBBEBEOR TS —U 7k
% “ Ply-level scaling’ T& ¥, [45m/90n/ — 45m/0nls (M= 1,2,4,8)D X 512, KEE %

. Load drop (>5%) due to
“ significant propagation of
splitting and delamination

'Weibull criterion

>
>

= Brittle or Pull-out failure mode

_ Load drop (>5%) due to
" significant propagation of
splitting and delamination

‘Weibull criterion

>
>

=> Delamination failure mode

Fig. 4.12 Methodology for failure mode judgment.
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1, 2, 4 8ffL4252&T, WEAZEIIELHIETHD. 2BEHOAF—V 7
J5 151X “ Sub-laminate level scaling & v, [45/90/ — 45/0]s (n = 1,2,4,8) ® X 5 (2,
[45/90/ — 45/0] &\ 2 fEJ@E Ak 21, 2, 4, 8L KETHZ & T, WEEZEILEED
FETHD., 25— 7 FEOMER % Fig. 4131277 LB, SCH T EO
ORIFHEEP (M=1,2,4,8) %EZSM=1,248¢tEKiLToH52LEeT5. HlxiE, P
(m=2)& £ie L7=%4, Ply-level scaling [45/90,/ — 45,/0,]s% 27"

77y 7 O ARIREIZIEEATHIE [50] & 5B IR E Lc. B o%mmpik, £7
NP AR, BREM, VT UAR—RT Ty AN ELFg. 4.142F L 5. Fig.
414 R T R 91T, XFEMZH W C(HiAICBMBEREZLTT 52 L7T), 77>
JIEA Yy v a EMNLICEANARETH D, FED N T U AN—RT T o7 (IRENT
A E A2 8 T IS AT RN SRR N L7z, ARWFIE CIR BT 3 X ONSCMIZ BT
EHES R CEBEEREZ BT 20, 7797 OFBRFAILY, BoyRo vy 7
T L, BEABOB XKD RNEL 270 THDH. A vy ot A XFHarpeks
PIERTHCZLBANCESWTHRE L. 22T, MILAETIE, 79y 27 DE—F
IBIANTHEEND D, T— FIOCZLIZESWT, Avva~fiEaEL, ML
i<, E—FIAARELRWE PRIN LB TIE, T— FIOCZLIZE SN T,
Ay asfiEERE LTz, CZLIZ DWW TIESCH [B1]3 L UB.3. 22 S I vz v,

BRI R X OVEE — RO PRIRE R, EB L ok % Figs. 4.15 (a) (b)lo=7. K
CBWT, BEVURUNPERRR, ARSI UORANEIEREZRL TS, £
e, 7vy Mt S LIIT AT U MEEE—F, =A7 vy gL < Bk

45
45, 3
5
90, -
45 45
-45, 50 m
-45 -45
0 . — 0 . 0 C Symmetric
Ply-level scaling Baseline Sub-laminate level scaling mid-plane
[45,/90,/-45,/0,] (n=2,4,8)  [45/90/-45/0], [45/90/-45/0], (m=2,4,8)

Fig. 4.13 Diferent scaling methods used in Ref. [1].
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Pre-lnserted crack locatlons

L =63.5mm
W =15.875mm
t = variable d
d=3.175mm =" T
X 45°
t ¥
X, 90°
W —45°
00
Model size
m n Number ofnode Number of element
1,2
48 1 146,928 252,504
1 2 293,856 541,080
1 4 587,712 1,118,232
1 8 1,175,424 2,272,536
2D model 18,366 36,072
B.C.
Thermal analysis Mechanical loading
1,(0,0,0)=0 u,(0,x,,x,)=0
1,(0,0,0)=0 u,(L,x,,%, )=t

uy(x,,%,,0)=0  %,(0,00)=0
(%, %,,0)=0

Fig. 4.14 Specimen geometry, model size, boundary conditions, and pre-inserted crack loca-
tions in each ply for OHT simulation of IMB8552.

BE—REzRT. W7 7750, BEFTIETE, PMm=L, 2,4, 8B L0S (=1,2,4,8)
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FETHLZ LN DND. SHIT, BTOF—RITBWT, MEIX10%LL ORIk E
Tholz. ZIUTEATHZE[4,6lICH L TENZHETHS.

XV EEMICATARE R 2 LT 5720, Pm=4)B LS =4)DZF T NIZONT,
SIS T — B BR & Fig. 4.161C~ 7. £, S (=4)I2 2\ T, kM mdEIC &
B BN £ CIRIME TIZA T, FEIN) —ZMBRIIMIETH D Z L B30 D.
WoT, Ry —AFMatkd LAITAT U MEEE—REHIELTL. — /5T, P(Mm=4)
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(a) 600 | @ Experiment (Brittle)
A Experiment (Delamination)
500 r +7.8% O Simulation (Brittle or Pull-out)
A Simulation (Delamination)
400 i
+4.4%

Strength (MPa)
=
o

200 F -9.0% £
-7.5%
100 . . : .
2 4 6 8 10
Laminate thickness (mm)
(b) 600 F ?
500 | +7.8% %
=
% +3.7%
400 +6.5% +5.5%
F
£ 300
72}
@ Experiment (Pull-out)
200
O Simulation (Brittle or Pull-out)
100 1 I I 1
0 2 - 6 8 10

Laminate thickness (mm)

Fig. 4.15 Comparisons of experiment [1] and predicted strength and failure modes with various
stacking laminates. (a) Pn&l, 2, 4, 8). (b) Sii=1, 2, 4, 8).

TIE, EBS NI AR LT £ TRIBICHEINT 2 23, 247 d=0.225mmf+ i 7>
LIFMIEIGE & 720, ZA0d=0.275mnff i TR OIS IHE T, 2 47d=0.289mmZ T %
LWSHETZRTZEBDND. £,
WEEILVE TG e SR hoTc. 20w, Rryr—A 3BT BREE—RTH DL &
HE LT,

WIS — BALBARISGE WS AE U D RN 2 IS REET 2729, S (n=4) T D ik
Al I 1 1T OO N BB R 590 AT & Fig. 4.17 P (M=4) T D250 T DO N5 /01 % Fig. 4.18
WY £, Fig. 4172 L5 L, S (n=4) TITRAKMM O ERTE THEEEGIT R E <

77 7R LA T 0° g T Weibull
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500 f —Pm=4) )
----- S(n=4) _ L
400 | | Fiber
= o failure
m . ”
2 300
= 200 S —
P Significant
100 g First stress drop || stress drop
Nonlinear response
0 L )
0 0.1 0.2 03 0.4 0.5

Displacement mm

Fig. 4.16 Predicted average stress - displacement relation in specimegsg Pahd S (=4).

[ 4500 [ 450 — Matrix crack 0

450, —45°

B Bl o vl

Fig. 4.17 Comparison of experimental [1] and predicted damage distributions just before final

failure in S p=4).

ERLTWHWRNWZ ENG0D. HL, HAEHTIEI N 7 VANRN=2R7 Ty 7 BLOE

o

I

I

EHX < BEASRAE L TEY, 20D OBEIC L DI FIREF S lHE 5 k58 0 Bl 4k 12
ZRIFTHOEMEIND. £, EBRHERTESO=4)T7V7T U MEEE— K&
HESNTWD. o T, M7 MR L%, MM MO EERITH S IS B
Flic kv, MHPIRTHAILEETO b T v AR—=27 T o 7RI < BESHER L,
A& 7o iim & U Ot & 2 6 T VT U MEEE— R RS b0 EE
26D, OFEY, MElEiEEE— 7 V7 v MREE T — RN I RHE 5 A 3 AR
OHIEHOEEDORREICKEFET 2 bDEEZBND. —J7T, Fig. 4185 1.5 &,
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d=0.225mm d=0.273mm

d=0.289mm Experﬁneilt -v

Fig. 4.18 Predicted damage distributiorns=0.225mm, 0.273mm, 0.289mm) and X-ray CT
image [1] after stress-drop in ME4).

P (m=4) TIZHEIEN O/N S WEIEED D NEEENER L TWD Z Engnd. £
¥, d=0.225mmI BV TiE, 4AEO KRBT 7 v 7 1Zih-> T, IR L4582
INBIRE IR 7 Ty 7 ISSEOREAE L, 45 /900 M B L OO0/ — 45 R Be i 7 1 < B
DRI ESTHERL TS, ZO, OCBORXTY v T 4 o ZIXERITEEREL
TWW., 2O X R/ RBENBEEIZD LT RET 52 LI2kY, WlEz
KT S, EREXGHZHFEL VDL L0 EEbNS. KIZ, d=0.273mmcB W\ T
X, 90°, 45 @D 7 T v 7 73d=0.225mmk V) H#ERE L TV 51T Th, O°PED =
TV T A4 THERBICHEST-AF /RO HERREHERL WD, Zhic X
O, MIHIOISHIK TRl &R SnZb0tEZ LN, KEIZ, d=0.289mmZi
TE, CEORAT Y w7 4> 78 L O0N-45/0° & o 1% < B A3 HkHE 7 1z KBRS
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HERELTVWOIHRFARIETE, TULODOARLEERNIGIOE LWR T A5 &2
LizborEZ NS, £72, d=0.289mmC DA 1T SE T #% 0 FEBR T O X
CTEIZR R LTI IS —B L THEY, MY — VITHEERICHOW T2 Tl
BEZAETLHDZENTIBREIND. oM REeELOL L, LT L)
GER T 0t X &S — B OBERENRBEEND.

o JENZ 7 v/ BIXOBEHIXL B, FIEIFHA~45E—-45/90° & [H—o0 F
-0/ -4 —-45 g LR L, OCBICET D &, &I Hh~DOHE RIS HH
S, EHRATHA~ERT S, 25 0BREGIXHMHOIKRT 25 &4 29

o LFEDIUE DOIMMFR TO°JF I THEME T MIIE N E U 5 LRI EAMREN %
K.
o HAE T MIE DO FRAERNICOCE TORAT Y v T 47, TS -45/0° & i D
EL<HEN AR ZEERT 25 GICbEBERITMEAHENZ L.
DFEY, CEAT Y vT 4 T ORZEERDS L X0 KT MEEEO W T
LD E, HUESTOHTHERIIEEEZ RS L EAD.

B%12, P(M=4) TOFHIE IR FTE#OLEFEE), BRMTor Iy - X< B
MR EE O FEBR L OHEIC oW T, Fig. 4192”7, ERER TIXY 7 v 7 OWER
BEO-DICERHEZFEAL, BERKOESBEZRLTVWS. —5T, MTESY
[M12F T M TEML TWDHD, BAPESOEOZZR L TWD . TRz i

—— Largest matrix crack and delamination
in each ply and interface

Miner matrix crack and delamination

Fig. 4.19 Predicted deformation behavior and comparison of experiment [1] and predicted de-
lamination progression behavior at the free edge imP4).
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L&, BNT Ty LREMII<EENER LN LEI F~BEERICERL TV
BRTPERTE, ZOEFIERTOBEHRLIEFTICII—HLTWVD.

VL EDRITAE G & FEBRAE R OEE L 0, W4 L@y — ik, IM7/85525 2% )7
FEJE R OHT B COE G, REME, BIEE— FIZOoWT, &5 5B
CBWTERBEICTHIWNRETHD Z LRI,

T80053900-2B

A TIET80093900-2B4 %f 4 & L 7= OHTAR#AT Z 5f L, JAXAJCHEME G KL 74
VT — & =2 [46]3 L OIAXAKEN T — & [49] & Lid 5. 3B IZASTM D5766 [52]
IZHEADWTER Y, BB HEITR 2305mm 1§538mm & S3mm, FfL#££6.35mm 5
JEHE K 1X[45/0/ — 45/90Ls Tdh 5. FRNTE T L OBMTEK, 7 T v 7 fBAMES L O
B 4 % Fig. 4.202~7.

305mm

Enriched nodes

Cracks 1n 45° plies

Cracks in 0° plies

Cracks in —45° plies

Cracks in 90° plies

B.C. for thermal analysis ~ B.C. for mechanical loading

1,(0,0,0)=0 u, (0, x, x)—o
1,(0,0,0)=0 u,(L,x,,x,)=1
u,(x,,x,,0)=0 1,(0,0,0)=1 (L 0,0)=0
3(x X, O)

Fig. 4.20 Geometry, inserted crack locations, and boundary conditions for OHT simulation of
T800S3900-2B.
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fiF AT s R & BRSSO MINE, WIS T, 0T 2, T — ROk & Table 4.3
JE ) —OF BRI O g A Fig. 4.20427~9. Table 4.3L 0, 2 ToOIHE THHTIZER
EEKEETORENBTONTND Z LRGN D. BITOTHIZHOWNT, EDOMDIE
HED S PRERENRKRE WS, ZX0CEOIEREEENICER T2 bDEEZ LN
%. Fig. 4.21% 1.5 &, O3 70.4%F TIIANTHE RIZERER & < —HT 502
KL, ZAVLARR IR RS R L B R ORIME 2 /NGl L T D 2 R gnd. 2
Mk, EEROZE) TR B MM OR S E N AR T MICHER TS 2 LI2XY
kA T T ORIPED N B3 D Dlext L, it TIXOBOISEZ#HIE LIREL TWDH I
HDTD. ZOX D REFEITMEIR B3] LTHCFRP [B4): L THEEZ SN TE
v, “Non-Hookear? z#) & MEXN 5. AMFETIX, ZOFEEBEZBEL TWVWRWNWI &
25, DD OMIVEE/NGEAL, MW OT O KT DOJRK & o TS &R B

Table 4.3 Comparisons of experiment [46] and predicted results in OHT test of 33005

2B.
Experiment [46] Simulation Error
Young's modulus MPa 56.4 56.1 -0.53 %
Strength MPa 526 527.1 0.21%
Failure strain % 0.93 0.972 4.32 %
Failure mode Pull-out Brittle or Pull-out —
600
Experiment
500  —Simulation
< 400 |
a
=
« 300 F
S
% 200 |
100
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1
Strain %

Fig. 4.21 Comparisons of experiment [49] and predicted stress - strain curves in OHT test of

T800S3900-2B.
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L. fBL, BEOT HDORREIT4A3%TH Y, HEITEHA TEIbDLEE R, UEOMF
MCTHOAEEBZEZR LN L LT 5.

FBFE RO EEE — RIZ oW TIE, Fig. 4.22 (Q)Z/R T W% 8k i O T E ) 5 f]
B L7z, Fig. 4.22 (b)Z X bb#extge & LT, 0°)8 CTWeibullfiff 52 J 23 72 S U7z BR o
FEMTRE B O NEBIE G 0 A 2 7~ 3. Fig. 4.22 (Q)TI1E, BE LHGEAIRE TH - 7= KBl
2J& H 00 J&@ T Ok T B T 2 AR SR, RBMSE B O -45 8 T O KRB -
TUAN=RY T w7 EREARICORLTWAHS Fig. 4.22 (@K 0, FEBRCIIEE
IRAEME T AR R SN D b O D, Mtk 2R EMIR I TR >TE LT, 77 7 b
WEE— NEHETE D, MITICBW TS, 0°/8 TWeibulffE L HEN /- =2 £

(@)

Fiber breakage
in 2nd ply (0°)

Major matrix
crackin 3rd ply
(=45

(b) Figure legend

00
—45°

%@w

45°

Matrix crack

Fig. 4.22 Comparisons of damage behaviors in OHT test of TE3WH-2B. (a)Experiment
[49]. (b)Simulation.

SEEE RO, THETEWZIAXATNT —Z OBEICIN LE L T\ 5
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TICHMRISIE FIXE Lotz Z o n, MMHEMET—RFLLIEF7AT U b
e — FEHE L. £/, Fig. 422 (@r 7.5 &, RG22 B OO0 k& T Ok
ML fLim il 2 AT o0, BT 2 4@ TO R T U ANR—=2 T Ty
7L L, 45 HEA~ER LTS Z ER 5. BL, BORE TIIRELUE
HOASRBO KRB N T L AN—=20 F v 7 L L TA5 Hm~ttE4 258 & i
I, —FHT, MR EZRSD &, 008 TWeibullfil 8 FEYE 2 10V B 46 25 )
EINTEBTIIEEO N TV ANRN—R7 Fy 7 [ 3ZIZEERL TR &N
NG . MR, BB SHEN R 55, IM7/8552 CRIERIZZ VT U MkEEE— K
EHIESNTZABRAICBOTYH, WEAETOXBRCTEE T, NEEE O KX InttE
R BTV (Fig. 4.17) Z 07, REHFHEFRIZZY TH Y, iS5 makE R
Mht%, WY 7o fHE T TR R R (2 AE D IS T DRI R, BRERE O N T 28—
A7 T I PREEERL, EFELBLNDO NI U AN—R7 Ty 7 LFHBEER L
D OAEHE TR ENERT 2O TEH RV EEZOND. W, 4B ELLD T
YANR=RA7 Ty b ROMEITER T TESLTND.

VL EORER I, HEEE L -y — ik, T80033900-2B5¢ {145 7 i Ja #i OHT A Bk
TORKBE, WEE— FIZOWTTHAETH L Z ENRENT.

4.3.3 MM ERRN

AHITIX, B BHETOOHCHRE O F K EMFEL T 5. £hEi, IM7/8552
IEMarlett® [40]4 & TN Josepht [55] D akER & 5, T800F3900-2BLIAXA S HER A 44kt
TR T — 2 X — 2 [46]3 KL QVIAXAREN T — & [49]1 & D &7 5. W, &2 TO
fRFTIZEBNT, ()HAMmHRTOIF 7 N RO - R, ()T 7 FRdb b
FREHER 2 LR AME T, (i) 2 7 Ny R ARLEERT D & IHREI S Sz
72D, Vol F@BRNBESNTZ. 207, RBFIETIXIG KT BIAART O FoR G
NemEEHEL, ERERLOLBEZIToT.
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IM7 /8552

AHITILIM7/8552% xf 5 & L C OHCf##T 2 %k L, Marlett & [40] 3 X Uf Joseph
5 [B5]) D RRBRRE B & B9 5. ABRITASTM D6484 [56)2 S\ Tk Y, ~HEITE S
305mm ME38.1mm 1/E DJE S 131.25mm M AEE.35mmToH 5. ER A 1L F —
ThoHIe), IrET IV, 77y 7BAME, FEHREMITFg 4208 F—& L. (B
L, AR OBRBIEMOFEOHRYETHD. MR LT OBEMMIICHE, 458,
WFEDLLREZEX LI T TH 5.

- Stacking A: [0/45/0/90/0/ — 45/0/45/0/ — 45]s (0°: +45 :90° =5:4:1)
- Stacking B: [45/90/ — 45/0],s (0° : +45°:90° =25:5:25)
- Stacking C: [45/ — 45/0/45/ — 45/90/45/ — 45/45/ — 45]; (0° : +45° : 9P = 1: 8 : 1)

B ER R BT D FE R & T T ORI & TR O ik & Fig. 4.23 (a) (b)IZRT

(a) 100
9 | OUW test data
80 | E Simulation
< 70 |
[-»
© 60 |
K
= 50
=
=}
= 40
30 -
20 -
10
0
Stacking A Stacking B Stacking C
(b) 500
450 - ENIAR Report
400 L OUW test data
s 350 | B Simulation
= 300
=
B 250
=
§ 200
“ 150 |
100
50 -
0

Stacking A Stacking B Stacking C

Fig. 4.23 Comparisons of experimental [40,55] and predicted results in OHC test (&35
(a)Modulus. (b)Strength.
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A2 TORBHER TEROT T — R—OHHICINE > TH Y, 58 TStacking B
ICTRRBRFMT 2 b DD, FERHEROEWIC X 2EOEWEZ QB TE T
WhHZ Emarnnd . RIT, Stacking BT DR 5 46 O ik & Fig. 4.242 73, FEERAE
RAT AW OXHRCTEBR TH Y, MFTHER TIIRLEERIZEDATO R KIS
KR TOXF I N R, NTUANR=ZXT7 Ty 7, BIRNEIKBHEOSAZRL TS,
Fig. 42450, ¥ 7 N FORABIOEH E TOMERKRKICE L, FEHB L MTix
B LTWH I ERnmnd. £, BRIZSEEEFT 7 N0 FOERIZHEST
BB CHERE L TV A TAHRINZ. N T U ANR—R T T 7 1T KIS T
RTHEHABEFICEAE LTV LDOHTHY, FLTNWL 7 7y 7 ORED KE L
VL BL, OCEICAT Y vy T4 INET TS, ZHUC XY [ TOS
HEFDBEMEN, FoT7 N RERPBEISNTWDARBEREZ I bND. £z,
JERERM FTO R TV ANR—=RA7 T 7 [ IWIEHF R L THEHWTAET D Z E83m
HBIVTWAEN, KR TEHRH L TWAHE =RICXFEMTIZENERBED 7 7 v 7 OH L
MET LT L2 ENRTE RV, FIZICHEIZB W TUIEME IO TFENRKRE L, 7
ToTIFMENTAELDZ ENTRIND D, BETIETEHE/DFHmANIZ T3 LT
WD AR D D . L, N TO TRIGRE IR EREREZ BB L TV, OHC

BREDO THICBWTIZICRED T v AN—R T 5w 7 OEBEANIBEN DT

UW test data Simulation

“s )
o i
b

Delamination

Fiber failure & Matrix crack

Fig. 4.24 Comparison of experiment [55] and predicted damage behaviors in OHC test of
IM7/8552.
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TRV EHERIND. ZDORITOWTITRITHZE T HMGE L 212372 <, 4% DO
AERE E B X DND.

T80053900-2B

AHiTIET80093900-2B% 42 & L COHCHEMT % F0i L, JAXASCHEE S H B 45
VT — & =2 [46]5 L OVIAXAFEN T — 4 [49] & el 4 % . 3B IZASTM D6484 [56]
IZEESWTE Y, FEEE £305mm i§538mm JE S E3mm, [ ALE6.35mm i JE ik
f51%[45/0/ — 45/90Ls TH 5. ZZTh, RBIAHENFE—TH D720, ffrET L,
77y 7ALE, BEREMITFg. 4208 Fl—& Lz, AL, AT ORI 240
FaDHfTHD.

S T) — O g R O KB & fEHT O Ll A Fig. 4.282 17T, £, X2 1L 88%
O, 5% ONT 72, 36 K OMRWTIRF D % o 7 X RO A ORGSR B L OVER T
DK GE G I CRidli LT\ 5. Fig. 4.255 0, fENTERIZERBRICAONSIE
MIEZE R X OREREZIFFICHERS PTRITETWD Z LW 005, IM7/8552
TOBLRIZBWT, #EFETIFICEIZEWTRESFMICHRDIZAEL D7 T v 7 R
BBLTET, 77 v 7 i/ N3 5 fREMEIC DWW Tl 72 2%, FERIZIGE O Tl &
WOBAND L, ZOEBIIREN 2O TIERnWnrEHEIND . £z, Ml
WD A a H 5 &, 51— 0T BFRXNZIER I 3 T BL 3 5 88%ik W O3 A A i
MBI 7N RSB LI DERF PR I NI, 20k, 57— 0T X
DIEBIZEBICHK L TIE, Fr 2 0 REERBXENTHI LD EEZOND. &
512, T800S3900-2BT MM T AICE D L THER T v ANR—27 T v 7 )F
< BERBIER S e dvo Tz, — T, Fig. 4.242 1.5 &, [Fl—FEEHE R DIM7/8552
TIEHMABEMEIC N7 P ANRN=2 7 Ty 7 DR BRD NI, ZOXIR T X
W=7 T w7 OFFEROZBIIHIBOME CAMOERIZLZbDEEZLN
%. T80093900-2BTC XA AT MAL ¥ 2 AT 5 Z & TE LAARK b TE D, FEE,
Tables 4.1 4.2% %% &, &— KI, Il DEER T 3L X —fif 3£ 1XIM7/85527 b L C &
NTWDZENSND. —HT, IM7/85520 [F—Fi J& 1 i © 0 OHCHA £ 73 Marlett¥

DB T346MPa [40] Josephs d Bk T337MPa [551C & % D%k L, T80033900-2B
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350
— Experiment
L s~
300 —Simulation s
250 | Hi (D)
- (I
§ 200 | E a
2 150 | ®
v 100
50
0 1 1 1
0 0.2 0.4 0.6
Strain %
Stress-strain curve
(I) 88% failure strain (IT) 95% failure strain
(ITI) Failure strain Experiment

TTTrrTTTTTiT

Fig. 4.25 Comparison of experiment [49] and predicted stress - strain curves and damage be-
haviors in OHC test of T800S3900-2B.

D OHCHR £ 13 298MPac & ¥, IM7/85520 J5 73 i W OHCIRJE 2k L TW 5. Zhig,
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MIZRFET RETH D

LI EO#ER LY, $ETFHIZIM7/8552 T800F3900-2B7D OHCHA A 12 >\ TH5 i 1
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< THIFRETdH W, T800S3900-2BZ B L TIFFIEMIEISEIZHONTH B < FFELATHE
HHITENTINT.

4.3.4 FEEFERITEIIELAHERAT

B, mAAMEEGICET L THRERIEE LT, QSIMiTa £ 5. M,
T80093900-2B.Z >\ T iL 5|l ATREZ2 QSIFER T — & MW E SN Tz, AH
TIXIM7/85520 7 % %t 52 & 3% .
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FEa— RNTIERT 5. 207, QSURITICKIT HIETFB I MKEEDEF Lk
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A, TRV EF-FEERE, BE-FEERMOEM AL EZEES—ZXTET
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(RP2HI T Rt R A, BMEI R OB RELMHEISES. U EOFIHICLY, %
SWRTEXFEMDOEAT LT ) XL EHRTZ LR, ELICHMTERoARE L K& <
WinEE2Z L7e<, QSR AFRETH 5.

KR LT LR OSEIZRE S 75mm iiH50mm & E2mm, EFEAIE8MMT H
5. F1-, HEWNKIL[45/0/90/ — 45 b T 5. fRITET L ORMBIR, 7 T v 7
AL, B EUOBEREMITOVWTRg. 4.272R 7. BRI HEEE) 2 R 2 BB TH
Ty Y FOHiROXZEEL, EEOHLHEHRDOX, ZBEE L. 612, ME
Rl 2B < HCIEmOFEH T v ¥ EIZB W T, X, & &2RTOEE L. £z,
JEF101 D 2 Ja 8 S (RPN SR 224 2 A5 5- L, 18 Bl oo 2 B A (RP2)X 522 E &
L.

Abisset D F2 B s B [3] & BTG R O & Table 4.42% & 5. ¥ AR O
IKEEARFF DB 2 MEET 2 BRY T, FoKERFNEZ B8 L 72T 5 ] % “ Simulation
WZECZM”, BJE L TWZRWENT#E R % “ Simulation w CZM” & L THRIZFRHK L TW
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(1) Create additional layer as contact elements

ol ol A A ol o o
Laminate

(11) Adjust x;-coordinate of additional nodes

R

.................................

(111) Contract degrees of freedom on additional nodes
to reference point

Reference point (RP) 1
a

A

Laminate

Reference point (RP) 2

Fig. 4.26 Modelling strategy for impactor and jig using quasi-3D simulation.

5. Fio, frE—EMERICBE W THEREER IS > T B TR AE L DBEOME
Z i Ko E (Peak loady E# L7z, £ XLV, BIEREOFHFKEKFELZZET L L
T, ARWMEO THANEENREOICH ELTHWD Z L3005, QSENERTIX, JEH
< BED EANEME IS N ST RN B — NI CHERT 2720, BHIEMRE O#fKE
WRIFEE BB DL NEETH D Z ENHERINT-.

WA, BOKERAENEZ B JE L 7o AT s 3 & F2RE S o ff B — 227 dh #8,  #)1 i 8
KT #% 0BEST Ol %2 Z N FFig. 4.28 Fig. 4.2927~9. £, Fig. 4.28% Y,
WA T £ TOME —BAISEITER LT TR - L TV 2 &R 005,
L, ZNALL5mmElREIEFEBRICE U CRIME 2 /G-l L T b, Zaud, Srrrdk
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B.C. for thermal analysis

{uu (0,0,0)=0
A

3 xl,x2,0)= 0

B.C. for mechanical loading

N
=)
2 [

2K | u,,(37.5,25,0)=0
1,(37.5,0,0)=1,(37.5,50,0) =

|
Enriched nodes  |u,(0,25,0)=1,(75,25,0)=0
_ ‘ us( ,0, x3)=u3(x1,50,x3)=
Cracks in 45° plies u, (0 X,,X ) (75’ X, X, )=
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Fig. 4.27 Geometry, inserted crack locations, and boundary conditions for QSI simulation of
IM7/8552.

Table 4.4 Comparisons of experiment [3] and predicted results in QSI test ¢g3H9Z.

Peak load kN (Error %) Projected damage area r(inror %)

Experiment [3] 1.28 (—) 34.2 (—)
Simulation w ZECZM 1.19(-7.0%) 29.0(-15.2%)
Simulation w CZM 0.98 (-23.4 %) 38.0(-11.1 %)
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—Experiment

| —Simulation
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Fig. 4.28 Comparison of experiment [3] and predicted load - displacement curve in QSI test of

IM7/8552.
v / Figure legend

Experiment

Simulation ) I:l

Fig. 4.29 Comparison of experiment [3] and predicted damage distribution after initial load
drop in QSI test of IM78552.
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Fig. D.3 Fracture of transverse compression.
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Fig. E.2 Enhancementtect of shear strength [33].
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Fig. E.4 Schematics of mixed-mode cohesive zone model with zig-zag softening law.
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Fig. E.6 Comparisons of results obtained by linear and zig-zag softening laws.
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