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Damage Propagation and Strength Evaluation of Fiber Reinforced Laminates

with Fiber Waviness Using an Extended Finite Element Method Analysis
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This study proposes a practical model for numerical analysis of the effect of fiber waviness on the
mechanical properties of unidirectional carbon fiber-reinforced plastics (CFRPs). Transverse cracks,
which are the primary fracture mode in CFRPs, are known to propagate along the fiber direction. Therefore,
an XFEM-based method was introduced in this study to model the complex transverse crack geometry in
FRPs with fiber waviness. Also, some other typical nonlinear behaviors of the CFRPs were modeled. The
proposed model was validated via the comparison of numerical and experimental results, and the

mechanism of strength decrease due to fiber waviness in CFRPs was investigated.
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Table.1 Material properties (MCP1223)

Average fiber fraction 7; [3] 0.65
Fiber properties [3]

Longitudinal Young’s modulus Ef; 240 GPa
Transverse Young’s modulus ES, 18.6 GPa
Poisson’s ratio vi, 0.29
Shear modulus G, 100 GPa
Matrix properties [3]

Young’s modulus E™ 45 GPa
Poisson’s ratio v™ 0.3

Shear modulus G™ 1.73 GPa
Failure properties [1] ([2] for X;)

Longitudinal compressive strength X, 1530 MPa
Longitudinal tensile strength X 2880 MPa
Transverse compressive strength Y 280 MPa
Transverse tensile strength Yy 91 MPa
Longitudinal shear strength S, 80 MPa

(2) fRMTHER
Fig.6 ™ X 9 1Zw = 0.00,0.01,0.06 (F£#E) B LUVw =
0.00,0.01,0.03 (515&) D& &, TR (BEFHM=RK - O
THEEL, BEHEET—AY MM - BISTINOBAR) 1%, Fig.7
DEH otz Tk, FTIIPIMFRER T (%DM E
KT) £Tirork.

ZORERNG, JEHME - BIIRMTT, S iz kY,
WivE (Fig.7 DHE) LB (WM B TR OME)
ERBEL, wiRKEWEEZOEERRELRDZ LN
RENTE.

F28METETHHEERR

7000

6000 w000 \/\
— w=001
5000
—— w=003
— 4000
Z
=
43000
=
2000
1000
0
0 0,005 001 0015 002 0025

E11
(b) Tensile analysis
Fig.7 Load—displacement relations

(3) HLMEIREE

FEAT DUV 2 WFET D 7201, FEMEREEICR L i
FRBE[ANC & 2 U0 A il 5B 0BRSS & D AT o 72
Fio, SIEMEEICE L CTiXEYPRIC X 251 5RREBR O B
FERLE OB EIT -T2, FNENFERIL Fig8 DX 5T
STz 2B, op (IR RF OMEHE 5 2 v o E IR )T
Y, HTRENTCIXPIEIEERE (Fig.7 COPIMIREIR T
K OEMHBREE—RAY FMyZHWNT,

gy = 3Mb/UtH2 (12)

LRSI, 5IRMHT TR (Fig.7 T O Y1 HIK
TE) OEHNREE—A Y IN,ZNT,

Op =Nb/2UtH (13)

LRIND.

JERERRAT O RIT BRI & L < —B L, AfHre7T v
DEZAVENFER ST, LA L2235, GIRART O R i
LB, w o= 0.031238 VTR 23 RRFf LT L
Fo T

w =0.00 w =0.01 w =0.03 w = 0.06
Fig.6 Fiber waviness geometry
2200
700 10 @ : Experiment[1]
8 X : Simulation
600 w = 0.00 ol
w =001 1800
ﬁm w = 0.06 < X
a9
£ 400 E
; - ®
= S
—300 1400 ® s
E: [ ] .0” ™Y *
= 200 ( 4
)
100 1000 [ ]
-0.01 0 0.01 0.02 0.03 0.04 0.05 0.06
0 ; ! ! ! ! w =A™ /A
0 0008 0|011( | [m;'];”_sl] 002 0025 (2) Compressive analysis
11
(a) Compressive analysis
© —MHMEEABARGEIEZR - F-05-04 -



© —MHHEABAGEIZS

F-05-04

3600

% ) @ : Experiment[2]
2200 X ® | X: Simulation
= X
E 2800 ...
= % ¢
S ® °
L
2400 [
)
2000
-0.01 0 0.01 0.02 0.03 0.04
w = AT/
(b) Tensile analysis
Fig.8 Comparison with experimental data
4. EBE

(1) A P EfEARE

WHED RV /N EW (w=0.01) BEE, #iHE > Y
MREV (w=0.06) HED, Wil 50 DMK T A2 K
ET A B =R AF T S

a) HEHEES

il AT T OWIEHREIX, BKE 5 220 DHRIEE & Hw o
K& EITEST, Fo 7 0 RERICE VALK, #BE
FEAREOEMEMRRE CTO, Fo 730 RERICBET 58
BEHd, B L RT3 0, o2 IXFig.9D X 51272~
o, TNUHOFRERNG, o it lo TRl s
BREBR I WG DGR R E WEIRICB W T, Fr o
v RHEERBIBEIND Z EIRENT. F, wiikEL
RHIFEE, ZORAMIEINIREL Y, YIMHBRIEORE
IR EE D Z R ENT.

(b) Local tensile stress 7%

F28METETHHEERR

--30

--50

(c) Local shear stress a%
Fig.9 Damage initiation under compression load
((Left) w = 0.01, (Right) w = 0.06)

b) HBEERET

HEHERT— RO bic, MIEER (Fig7 T
OB EETE) O% 7 0 FERICET 28EE
Bd, & & ZEROMT-% Fig.10 (SR, ZOFERND,
HWHE D 720 DIRERE w2/ NS WBAICIEF 7 v
R23, wid K EWIEAIZIEF v 7 N RN R 2 il e
— RTHDENShoT-. THIE, whRE WA,
WHED RV IC L DR AWIE E RBEADIERIINZ, ©
NIZEVELDLF 7N FEROERKICEY & 510H
ARG RIER L, N RHBPELRLT LD 72H T
5.

iz, MIHHRERE & GIEIEERE O BRZE(L G, wid/h
SEWEAITIE (K = 0.0207 [mm~'] - 0.0216 [mm™']) ,
BRI SRS AN IR UAREEIC E D DICH LT, wdh K& W
LAi2i (Kp; = 0.0129 [mm~1] - 0.0186 [mm~1]) , #iXk
FNZHRENERT 5 Z LR SN, 2, wos/hEwn
LEIE, T2 RICK W EENERT 5720, 815
2 BbA S AU 72 BFR ITAHE DT 17 O MIMERIR I X 0 En o B
WIS EMARSE, BOOBEZOREZFLTH72DT
HHEZEZLND. ZHITHL, whHREWEEITIE, &
ZHERIC L VREPERT S0, MM ORI
BWRELT, 2o OBERITWEEE 2 ED, IS 22T
FOZLENRTEDHOTHIEEZLND.

(a) Damage variable d,

- F-05-04 -



© —MHHEABAGEIZS

F-05-04

- - SN
_ 4W ks %o....
(b) Crack propagation

Fig.10 Failure initiation under compression load
((Left) w = 0.01, (Right) w = 0.06)

(2) HHHEAMBIREE

Fig. LLIZBIIRIEEERFIC ST 5, w = 0.03 TORATAY ik
HEF G oy, & EBERAZ R LTZ. 2k v, 3IEFm
DAMIZBNTWRREWNE XX, ARTFANC E RANRAE
L, M-S R0 HEDOWMEABAHRIEDLZ & THR
FEERETSEEZLIRENTZ. LD LN D, AREOMF
B CIIHE S RV LD HREET MEL TNz,
SR L AMERT A2ERIITTME L E N TW AR -2
LEZBND. IO ONTITAHOBEE Lizu.

[MPa]
3200
H 3000

2800

. 2600

2400

2200

2000

(b) Crack propagation

(@) o011
Fig.11 Failure initiation under tensile load

5. 5

AWFFEIL, mNHEHE S 1A 269 2 — T IikiETRILAT
DM EHSE~ DB A KT 2 72D OFfRITE T V%
HEEE U 7. JRHEDT M D JERE - S1BRIC DWW COREEMRAT 21T\,
FERE & DOHRIZ L 0 RITE T LV OZYERFE LT, &
7o, 2D OATRIRIEIZR W T, M 5 10 238K T
BIEFT A=A LDTOWTHE L. TORER, M- 5l
FIEITE BT, whKEWIZEMEA RS 2 &0
BN 2o T, JEMEAM T T, wibhEWnE X2
IRy RNKER R — BT, BEE R E
THDHOITH L, whRKE WL EITITEN & AN LA
e — FC, BEERITHIROHTHL Z EBHALMNIC
Teot-. BIRATRT FTIE, whkE e X ARG

F28METETHHEERR

MBAEL, FUOBEAMEZHRIESZ L THRES
BTFEEDZERNDnoTz.

AW TORETIRL, RRAREREE AV
IZ &Y, FRPIZHT D 5 120 DN 72T T AL F]
REED. ZAUT KDY, KD b 2H T 28H TR O
CFRPOFEHT=RC, MOMHEE— N & DMk % fJREICT 5 &
EZDH., INLEASBZOPEL Lz,

PN

[1] ZREEZERER: MEKE S 420 23— 7 gkt i b 8 & 41 )
DFRFENT PAF TR, BULRFERZEGHE 7L, 2016.

[21 HHZEP: —J7mAE R e SR O 5] 3R IR Ik
MDY D RIETRE, RO RERFAGRE R,
2014.

[81 Trirseti: —J7miaei b Gl a s BHI I T 5 Pk
HE D 220 DRGSR & TR 5 8, R
RFRFBAE LS, 2018

[4] Moés, N. et al.: A finite element method for crack growth
without remeshing, Int. J. Numer. Meth. Engng., Vol.46,
pp.131-150, 1999.

[5] Belytschko, T. and Black, T.: Elastic crack growth in finite
elements with minimal remeshing, Int. J. Numer. Meth.
Engng., Vol.45, pp.601-620, 1999.

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

[7] Ridha, M. et al.: Modelling complex progressive failure in
notched composite laminates with varying sizes and
stacking sequences, Compos. Part A, Vol.58, pp.16-23,
2014,

[8] Davila, C.G. and Camanho, P.P.: Failure Criteria for FRP
Laminates in Plane Stress, NASA/TM-2003-212663, 2003.

[9] Pinho, S.T. et al.: Physically-based failure models and
criteria for laminated fibre-reinforced composites with
emphasis on fibre kinking: Part I: Development, Compos.
Part A, Vol.37, pp.63-73, 2006.

[10] Pinho, S.T. et al.: Physically based failure models and
criteria for laminated fibre-reinforced composites with
emphasis on fibre kinking. Part 1I: FE implementation,
Compos. Part A, Vol.37, pp.766-777, 2006.

[11] Y oshida, K. and Nakagami, M.: Numerical analysis of
bending and transverse shear properties of plain-weave
fabric composite laminates considering intralaminar
inhomogeneity, Adv. Compos. Mater., VVol.26, pp.135-156,
2016.

[12] Nagashima, T. and Sawada, M.: Development of a damage
propagation analysis system based on level set XFEM
using the cohesive zone model, Comput. Struct., VVol.174,
pp.42-53, 2016.

- F-05-04 -





