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Fig. 1 Integrated computational materials engineering
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Fig. 2 Three space scales in research of fiber-reinforced composites and structures
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Fig. 4 Typical microscopic failure modes of fiber reinforced composites
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Fig.5 Interaction of meso-scale damage in multi-directional composite laminates

1.4 MBS EMESHRNRBE

TEVe S B R HA 14 R R R Ay A2 2% , S5 ]l 7R
SERAE SR A TR Y S SR A AL Aok A . BTIA,
X 4L 2 5 ) 7 SR B T B SR ML IS, A BT
WA A S B AR R R DA KA I 2 A R ST, AR fF
BT DAMERTST, B 45 B SRS AR T F )
TEANTR] AR BT B 7 W S e A R, 4 T LA/
F 38 T2 B A T S v o R v ol i 24 2K 3 DA S B
EERREEHRAL

(1) ZAEMEIFFLEERL TR 2K

TFALEE M AEAL i 30T Y 2 A WL R s s -
1 5T B ) LA A2 i) BT D) 2R 282 [0 2 8 21 4
FEFRN R HRR . TF LA T4 2 T B 2 A
KA AL - F T S A A B 1) (2l 2L 1) [
A A2 ) A1) BT U R AL 2 6] 50 T2 M 2T 4 T 5 A 1 LR 4

Rk, Ho, AR A LR RS e 2 A AR 2 He A
WGP B2 R I3 LA R T LA RS e gt

(2) EEPRUZ Gt SMIE s o A0 o 5 i 45

J2 B T SMIH ol T A AR RO A A B
SRR LA ) B U 28 JR 8] 932 (22 B AR ) Al
iUk B R e N U N DR R g EnA il Sy ey il s i =P A X
R E BN MR X IRZ R 4T SRR
FEGRAEAE T SRR B D A, s R b
FUH BRI B2 EC R A0 T LA RS g,

(3) EEPPRWUIGERRZ5H Rk

RNEBGT ST (WAL SZ R LA RS 48) iR AR
HUBGESRE ) BA S 2 2 R R R 2K, SR A 2
AR D B 3 5 AT 7 A 45 SR 28 B T SR A B DR A8 B
RANLIGERAL, BEANAAT SRIE PRI o 8T 3L Ao/ T 4
KRB IR R T AL T 45 R AP A A AR L



HEhad 5% LPAEBR S PR A B 85 KBS B A

HESCAL B, (E LRI (7 S A AN ] 5 5 T SR A s
B BLE TR ATRERI LR R, RIAF4E AL
I 7 P 2R 2k ((EL T o e R R 5 0] S5
1) B 1) 2 2 i) B 7] -5 18 1 L A O YR £ SR A KR T
JRU, Horp BRI R A PR LA DL 245
RIS G bR P D U R e e NI ERAL P Sy e NS S
AN T B D) R RNZ [ 732 5 B SR A s e 5 7 LA £ 4
F YN LR R T R L R HZ )72
P SR AR T AMIa ity T R R A A —
SE FARDME: , [ A B A T S T L (R ) BT ETI R 2
syl iU SR B S SO N R e AL i S @
1.5 EEMEEERM R R EH KM R TN
RS B TAER I o, KA Y SR 51 S B
Hh e P DA Y e e (L) 2R A ) AT — (O Hh e R SR
hk)  BX FURETE ZILRE BRI, 5 AR RS
SR B ) T 1 ) AR 8 R K , 4 e B e A

oA G
®

yield A‘

(o

(a) KHIXKAR

T A5 P A o 2 A 5 A T I0) 225  11 2RE f 2R 288, A R U RUJE
YO B 277 A 5 1 e B R R 45 2R

REARIRHFFE R, A2 ok 0BG &
FHREEAE IR S Bk 1 5 B R A R S SRR S
TEGRFF LA BRI BT, oA SOOI e — 7 RUETERIN
AT TUAR] RST B R N , 3X 5 2 3 44 1 RS R0 (size
effect), ToAH A ROT R ] LA R 21 O BHIL M R ffRe
AR RS BOS I SRR RS R RE BRI K,
CIPNLEAater S s N TR EC SR N7ar A AN 5 (AR

SR, BRA LT 2R W 24 J727 (Linear Elastic Fracture
Mechanics, LEFM) (%15l 45 5 - A S 5 il B W) A1 , X
52 R AR — B TR ROZ E e (quasi-
brittle) 4Kl HERETEAS R —F0 T AR A A R
Z IR —RAr R 2R, 6 R 7 23 S R T HEE AL AL
JfE PEAA BB A BHE A K & REY RHE T2 (R-
curve) FIGGY X 01 BRI, FIE b, Mg thAt

®
@ WAtk
® @ HEpe PR R
® WIrEbbR
@

(b) LY RADEDL

6 FRMEAR DERBIEAIAOTD AR B9 SR Y Y

Fig. 6 Typical properties of brittle, quasi-brittle and ductile materials

(a) fRiEATH

T wy X

> (FEIX)

(b) JERRIEATH

(c) AR

B7 AR EREMERIEE R B B XN /2 E XS

Fig. 7 Difference in the stress distribution of “damage” propagation zone in brittle, quasi-brittle and ductile materials



Wi RHERAR

Oct. 25 2019 Vol. 30 No.10

BHE B b B . K (B S8 B i S R R — MR/ R
FEREEAE DX, T HE R RN ) 2 BRI s HE e PR AR 200
HORIGAFAE— D “FHRIX” (Cohesive Zone, CZ), L Hx
R W24 2 X7 (Fracture Process Zone, FPZ), {5 iX ff—4~
I, FFTEAR 2 Y AL S, (5 ] DS B A RHEE 20
REFEAAF B, W] DAAR SR — 5 B 3T s S AT RHE R AL
I AFTE— BN I B X, BEVE D A 1 1. ) RS0
[, Eh T R M P X A 2 — o RS [ Y (e T
249 R XK 5 B RS54 ROST A F ™), BRI A e e 1A
BHE R 08/ N RUEE_E#AT DASEAEMENE PERTRLE

ST HE M PEADRI RR IR I, 52 [E 35 4 J12% %K Zdengk P.
Bazant { 20 {42 70 4EZ AR T A TIREE - A A
LT YERE TR AR VE I AR ROBE A, & it — A
JO7 ) B M DT 24 07 22 AR B T R B iR I 6 UE
Bz

2 FHEREEME RS SRR S ITER

DA K AR SE BRI B ATV XA IR 19 52 A b
RHZ G TR T H 24 Z A3 B 200 R i,
FFIF PR BT S 1~ 7 e, B TR
GERE IR A AT I 58 P A SR TR R AIE Hh R 5 . SRATIX 2y
VI — s = IR A DA 2 5 VR AR A S
T A S R A SRR Al E A LT R, X e ) 75
BN AR R, 20 40 80 UG I Kk R
FE R O E AR 05 2 BT s, BT BRI/ T S BB vk 25
BB AR SRS, ELFEFIWTAT 3 2 1 14 2R 280 DU A
PR T i M R AR AR A R (R T IR 4 07 2 A/l
PG I12) o %I BB AR KA E M nT EA T 2R 2
W, BTz BE e, v A TR U B RS B2 L
BUFIT , LA S 2= BAr 10 53, BRI T AT VA i L B AR
(BT, AT AR KA R T e
21 BEMEEEMRYTAMNNZRENEERRENAE

B By TR e, i T E SR Z A E
REEFs i, BG5S T g & B2 REM., L
AERIRF T AT TARYE & 5 TR o3 R RBERR T R [l gt
R, AR BT A 450 AT DA BT D05, B 513 U2, B A
J1%, RS R ) RS 15, TR AR 2280
G AT BT — i 7 R AU (micro-scale model) | /741
174 (meso-scale model) F1 7 WAL (macro-scale model) =
Fpe>240 55 115 v i SR = ROBERE X R

ANTR]) ROBE FRSS RN 4 e} o L 25 2R B AR A T B R

A, AR TR 21 AE FER AR DA KB AT 2 8] Y 5T
PEATUEBHD AR, A A vp ] B R AR RV ST R AT 2
PR IR ST )P » 181 L R AR AR S ke S A AL AU 2
PUBRHEAT AL, 141 8 45 Hh T A A AR ey L R R Y, L, ) 8
(a) Ayt ) A T2 20505 R 8 () Sy 2T 4EHT ) (81 8 () 2y
WA BFERAIALZ 8] 502, SR H BITE)Z A a i R A
0 v el Y ARV A T S 2 To VR AR 32 Y (B S A B
TURZI BRI A AR H A ATLBEC ) [R] B ] SR A2 % R
AR AL RUZE Y AU U0 SR 35 1 A WL 2 R DU B AT 7
IOV i A S (W SR EEFIRT B ) . AR AL
BT BB S 0™, VLR AL Y s A\ ST
AN RE 1 B B AT R BE A R AL A

STV AUES Iy 2% B R 3 A A TE A2 4% ) VA B
WG A 53 K AR A3 TR AL, (B 5 R B2 Z R AL, 256 )%
PRI 2 160 ) 2R A DU R A5 A5 8, REA AR T M ASE D2 A Wl
TERS AT FRIRBATH . B AR Z Bl e ot
PE BRSBTS — RE T AT, HRE T
— /NIRRT AR R B S A T VRN DA . MR 2B
HH R AL J7 ¥5 W] DR A WA AL Gy Oy 1 1 45 4 R AL
(continuum damage model) F1 B # #i 15 £ B (discrete
damage model), &9 %5t T /WL RUBERCAL [y e 2R R,
F, 19 (a) R E AR RER; 18] 9 (b) 2y S EHLAHET; B 9 (e) S TT
FLALAHCS; 9 (d) Ay i G i 1 9 (e) Ay i bk 545 [ 9
() A EETERE; 1819 () IR BTE, MMRIER A S
BT i B ) Wt i AR RURE ) R PR R A s X T
A R RN AL AR R 3R S A, AN LSRR, W]
TR A ALE Y 7 vk, AERELURE LR, R4 R A0
T AT REXT S5 14 B (A S5 Af T S AN K, BT A BE Al S 2k
52 BRI 25 NEBRYJZ 8] 32 , R s - T RO RCR, mR
M, A7 SR A SO, A B A 2R A e A s S
TR 255 5% B 1)) ST i 285 A S 25 52 B Y E N R

TN ST 2 A B i AN 2 A R B AL A
—FRTEL, SRTEZ A i R EIAS A 103 | 5 AN T 2 B
SESROHAT R RLY TR AL (B 10 AW A &K
JF F1% PRSEUS & A A1 EHIL B BEM R AL A1) 5 AHXS 7L
BEAY e — 2P AR T A, 38 T BB A G 254 1) 2R
I s AEXT TR FEAG B 2 A0, Hoi A S8R 2 B ik
56 3 SR RUBE 1) R PP ok BT AR A

BE AN, R B R fATT BE RN B3 A 2 [B] B P-4, A
WFFEE AN A RO R AT 45 6 4Rt T 2 b s RO
RS 11 o SR AT, Herp, [ 11 (a) a2 A bRk



VERRAE 25 ZPAENIR S O RRH A G 8 DB UG B AR

HEh R

HEE R A RS
(a) BEEFESUH (b) LH4EHfTHE

(c) HEMBN | EENER
B8 WYMRTYHIHATIN
Fig. 8 Typical applications of micro-scale models

ENDEDALIPS e

Eh

T Wi W [

(b) REHIS (o) F3LTEE
0° " TR 29.5J T 0° 45°

0°
Stacking A X .
e R "
- (e) BAAPE
90% 90°ply 0°ply 45°ply -45°ply
e
.
Peak
Transverse
A" )
Post-peak o
',Q\
Vol s
AP RN
fise B R (L)

(f) $HETHEIE (8) SREHE

B9 MIMRZYGIETIATA
Fig. 9 Typical applications of meso-scale models



Oct. 25 2019 Vol. 30 No.10

125 T T2 2T TR 11 (o) Sy e 302 A R I B 2 55
AR s ROBEASIT 2 1 3 A2 i AR ROBE ] ) R 5 B
R, TER AR FAR R B A L S 9K 2l 3 e ROBEARRL R, R [R] R
JEE A R ) A7 7E 4 BRL 1) /2 KA (hierarchical) B3] 1 7] Y
(concurrent) {55 A 33 , . o B i) 4% 3 A AR 2 FH - /e WAAA
BHE RV, ARG A B 21 JRy PR (352
PR AT , R BT R 2 A 24 g X ) , 1
X I A A B SRR AR R Y PR R (EL G B B R,
R bk 2 T RUBE 9 4 AT AR AR TR 0K 2R B 5K, T AT B
H R i b (bottom-up) "I E _Eifi T (top-down) U i Fhi 4>

AR AR, B R B R RS
IR R RO T A A, LA A R M | 58RI RS 5L,
FEIRSE Ty T AT AR R I RLRAE . B BT 5%
A IR S B ) TR RR SR 7 AR 2R, 4150 5 B 14 2 2L
B AL ETRR , SR m BB R,
22 AVRETHEESHHEN RGESHREBEES
R

F T AR LA IR TTR s o, — Rt T LA
W FARLAE B RS T5 5, (HIF AR IR AR G B AR e A
B, BT AR S APRHEB I 51055 W R r AR B A AR S
G R ATI FAAZ Lo TP FEL

HEG RSB E

s-69

B

SR LD %
7 B CER) R

W 5B
el
B4

(a) RAESHRROHSHMTRIT

1.20NF %

El:
S * I
e I =1 ivewe
W EiFIX

(b) BRESHHNFEBDHT

E10 AIMRZUHISETIN A
Fig. 10 Typical application of macro-scale model

SR, 21 4E38 58 52 G bR P BEAR L AT A2 0L
CERET E BRI T R A B R EVE AT SRR T -
R (W AR R B FI AT BER LT HERE B0, T T AEXE R B AT A
A, T DATE BRI L SN A = S s AR LT, 2

PEREMAFAER . 2 W JE G, PR B 52 R,
SEFEHNZE YRR ESIER . R0 XY T/ 0
R R IEEAL , B 25 RSN RR I, 24
B E B —E BB, REUEEE A BRL R A K ,



HEhad 5% LPAEBR S PR A B 85 KBS B A

IORE R AESRE— B L Ty 1)_L © ORI SR AR T , A
FBERUR R, 23R —Fh R AZREAL (strain hardening) 17
A5 /2 —Fh R AEERAL (strain softening) 74,

i

PRPEX AU BEFE FFRIX AWREFE

WEE

g K
(a)

WE RS N

L REPROT: TR 2. JRTROMT : R IX AR

KRELEEELR SRR =
LEnA SCHIEERECIR

SN
DR ww&)%wu&\ / RSN SRS

3. B BARRR A
T TE T A

FEHIT- KA i

i
&

FIE-5E e
1R R TC=NAS
BT

(b)

1M BREKRNARNA
Fig. 11 Typical applications of trans-scale models

T E AT NI, MER 8 RZ £
TE T A B AR £ PR IS, SR R A B W B BE A
ATHIAY (5 ) MRS L 2% 1 22k B RS DA K
FIFIR AL ZR A GO, ST B TR 7 Sy BT BRI, g WA K
B BT 1) e () B8 B0 SR B T 4 A
ROWSI=3e, ST, d TR TARE HAHE E SRR
SEMAA R, BT DATE 2R OB o 8 @ — S Ab 25 T Y 1)
O ABTEIE AT Z B8 A B B2 A 1 0L N L % R

HXR T EMEAT R, B SRR RN 252, W
2] DA A 2 A0 43 i) — R BRAR S, T 45 09 A B AP S8 it 2
XERPEN RN R R RGN RAE, MRET , R EMEZ
1] J2 A P ) R B JE AN ) 4 - ot ) B
SR Z B RE ()2 ) Pifh.

UGG AT DA W21 21 I ok, 24
FAERI IR KBNS BTSN AR T2 5 9 i th 280k i
FA A RERE A G a7 58 B IR -1 K5 HG i SR A0 HE ke
TE o B TP ANTEAERI IR BN ) 5 EAIME R AR 2

Y DU f I 2B B2

BRER WY FEIX (FPZ) Kt /NTRBUK
I, ALY T AR HE T LEFM 4 75 SRR AN, R ) B
T PR 6 i R 10 24 80 A & 32 ARPY (Virtual Crack Closure
Technique, VCCT) e 1151 28 BB R 5, 244 19 12 8 & 14k U
I, 38 A R Tk A0 4 i Ak 1Y B ROR B R A T RE
VCCT "] ] TAFTEWI 46 43 12 B 2 3 G540 v i B 405 4 e A
W B VCCT {EARE N ZY Ty ), ki )2 52 B A
R TE 7 2R R IR B A 4 Ik S 2 ), 25 R
WERAMEE ABRIE . VCCT #ie F W m] AHF 12 S U2 N2
SUnYRE (B BA SR Z N — R R R

LRGUR I FPZ A 5 2B A M 1), INTETE 2
5 IBVE AN BRSO HE e A R RS e, FPZ ) J7 7
T NFAEX R B RN A 5 BRI, M AR
K AE £k M Wy 24 /7 % (Non-Linear Fracture Mechanics,
NLFM) 3k it de, 7 38 X A% BB (Cohesive Zone Model,
CZM) & & H ff —F} , Dugdale #/l Barenblatt J2 £ F- 3% H &4
XA Y273, Hillerborg 2557 H YORF Rl SR IX ALY
F A BRI A AT JE - 25 R . CZM ik
BRI, BB B ) 7K AR B I FE (R ) Z S 18
NREFFAREESR & , TR A AR AL B 5 ML DI AR
TR 1 5 HEORMR LR (MR [T ) 2 MRS —E R X
A, BV BRI (cohesive law), B 2 %2 5 J7 - 70 8 3k U
(traction—separation law), B @ F B IX AR .0, RIET
R BECTR AN, X — A BT A A AR, BB SR AR 1, 55
TREFEEY W RPN G.., LAY —R R
ETE AN E 12 Fr7R . A T2 W2 )05k, CZM
ToA g LANIRBEBANTE E 3 e J5 1) , BEAS T I 280 ) W 2R
ANAEARAATE S Ji , PR AU T A AR AR BT 4 811
15500, 0385 T TC WA R A A AN Gl 01 4544

AERERE Y 2 R XA AT T LB T AR K AR RS
B, H R Ay OB AL AT S AT AE B 2 2 B ) o
(Continuum Damage Mechanics, CDM) 5| A S 57725 5 e 4a
], [ B AT BB R 25 ARRE A B R 1E AL B TT i) RE BRI, T
Ry AL (crack band model), BRI H ALY AR /AR 7%,
(EHAPRYRRE RS A BE BN @ E R E . Kb, 5
FRIESER R R 2 Y T AR A R R R (B
TER A BRITTT VA AFAE MRS 7 1] AR , BN 59 J 7
1] 2 52 3 WA 1 3 S0 5 B R SR P TR 1 4E 7 e 3 7 AR Y
TR VAGRX — ), [a] i s RS A 5255 T3 . )
AT BERE TS ) B 1 A R SR X ) AR P 5K



10 Wi RHERAR

Oct. 25 2019 Vol. 30 No.10

o} e}
R R
A #
° 6 ° 6
(a) (b)
o) o]
R R
n» n»
¥ ¥
(o] o]
6 T

(© (d)
12 BREVAMIERENER

Fig. 12 Four types of typical cohesive law

R AR ] T EZ A EVZE G UZ NHIZ AR RS
PR, W BB T R A TR B BRE R R 4
TEON A S 1 9 OIS S AR B ST T g B )
55 o RHEE TR TO R — il B ALY REURAE T ¥k, T S AR
FAITHIFE BT 2 — R SR BRI T v . J2 R 2 45
Pi— A I RECE IR A e Th , B R XA R AR,
L AT DAEE I 9 o) 266 45 e B o R O YR AT T AR Y
o J2 AR R T S o) 45 4 Y REL 0 5 R I 2 D JBE 5 AN
RE T S 7 , LI 390 6 P o R — SR i o Y BB e 4
WLTRHCREL ; [, 74 3 A A 1) F5i 455 ) S i (o7 B AN 2
J5 T BN BER T SE B 5E 5 BT DA, W T B B T, B EE
FATTH R B R H R SR A, — e R 5T
2 B A3 11 8 Ry WA 4 17 0 T (TT 2 2 4 it 60 07 284 T A
) e ) 24 ), AT Ay BRI 8 RS O R BRAE
RI040001 iy Sl By LU Ak 1 7 R A BR TV (Regularized
eXtended Finite Element Method, Rx-FEM) B 2 =5 &5 vk
(Float Node Method, FNM)“"!_## i A [ IC 7% (Augmented
Finite Element Method, A-FEM)*8 & 5 3k i B0l 75 V5 5530
T 7 B8 A 1) 17 0 1, J22 A0 AR AL 40, — R 7Y LR
A CZM iy SE AR BT E SR A TE

SEEMRHZE BT ILRE (H1475 ) B 1A 1 5 5 2 Bl
RBOEMRSEIE,  H Bl A2 R B0 A BT 1Y )
ANAZ R PR Y Tsai-Wu E ) Hashin £ J1J™  Camanho i
BN ZE F1 £ T Mohr-Coulomb 17 2 17 & ELFr) Puck 7 T,
LaRC {745 5 YA J22 8] ) 2R 280 DU A — B ik 44

SN JHEN S, (Rl BRANR A T 2 A Z [ R A
i 0 T A D) SR GAME I ) T R L T B R
KUEN A Benzeggagh-Kenane (B-K) 712,

LR R R XA S A AR P A R ECRE IR 5
P, SRR I MEAR K M BE SRR AL R IR X
B —I, FEEUCIARZ X EAY IR W R S B R AR
REAMBHEN MR E T I AT A MER R IA . sREETE
AR, J— A% il 2 b 6 B 9 R D43 T A W RUBE TR A
BV AR A (BB ) 5 AR AL AN B, TR B, B
Ry eI 4, g TR IR SRIE N7,

B T2 M EHE G REOE X Z A, )2 AR
1) 12 R A AE A RIS R B A, TR A A i
PITERESECRAE L & B RIEE 5 2 . JE N Y5
JEE AT PATE 3208 [ A A o AU (B e Al R 450 J2 A ) A5,
BAEZ ]2 A i, B2 AR ) B AR 2 3 2R 50 i B2 2 B
EHHSRIZ LG 0 S R B AR T AR AL, , 7522 5% s
537 (in situ strength)", 2 [A] 5 BE B AR LAY I 1R AR
HE (B 2877 YA W A — S A R e ) R, i DATE —
JBCIR L, R o 2 ) 5 B SR G 7 A X ) A o) SR Y
5HR A B DA A A ) 47 D81

T2 AR W2 1 e R AR Y, 124 1,
RELFAEZENFZ TR N4 SRR TR
SRR, SR 815 R A SR A R
7 A] 3 1 AR R 2255 (Double Cantilever Beam, DCB) .
= E B S R i B 0 25 il 4R 56 (3 or 4 point End-notched
Flexure, ENF or 4ENF) Fl /& & # = & if (Mixed-mode
Bending, MMB) % {55 15, {H 1 2830 — R B T B )
W, L br 2 2 G R0 R S Z AR Z 4L (2 H
RIHTEP R, ENEEE SRR, £ T
RABBRIARRIME , — iR 5 420 E RS )
PEAH &, SR IX — B A 1, HOAH S B 8 WA R AT
H, RN YT SIS R 2 LA TR TR R
PGB ELE 5 A 0 R Ge MR 5, AR X 432 5w
i EAy e v s N NI (3 VNS I B IR R s R
IFi) 1 455 2 28R 5 T £ 248 14D T 1A 5 D 2 5 ] SR A ) 4
B4 B B (Compact Tension, CT)! ! sgX 1 ikt 1437 {H
(Double Edge Notched Tension, DENT) % % 2% £ 45
(Compact Compression, CC) B8 af XT 371 Hft I & 45 (Double
Edge Notched Compression, DENC)® P4 J% 1% 1F # Tosipescu
BRI



HEhad 5% LPAEBR S PR A B 85 KBS B A

11

3 RMHITRBRIERIE S (V&V)

2006 4F, 3 FEAUM LA & K A0 T VTSR K T 2218
By Sk E™, Hh AR E SO B IA T B AL AR
% WE R AR B Y R A A R I A2, B e AL PR A
BRI RE DR , FE DAL (code verification) F1
T (calculation verification) >0 4) s B2 1 B IF iE
S NERLRY ERRIY AR R W e A AT AR 2
HERHLAR T By B AL, Bl X it B AR 51
Bk PAL AR A TN RE 7 . LT A A S0 A AR AR R ) 36 U
Z U [R5 F 45 R0 B8 00 25T EA T AH O A AN o 1
A ARRIE B S E M E.

SR DATE R 2 B0 52 A BRHR B T R 58 i, XS AR B
B R AL 06 5 B UE I AT R ST, AR RX — fE E R B
FAEE MDY,

BRI Ty T , T A PR TR A i Rl X
S RER R0 BT BB AR AL (A B A4 < PR 2 vh ok
SR BB IR T 0L i A E PR F R S R A 5
WA — B, AR NI B B SR () Fi i e dT>
S BRI (A S ARSI S8 ) 2 6
A AR R A G TN,

B IGIE Ty T, 7E AMERAR Z W5 b e R R0
1M 1 (A — (LA M B | AR M AR 55 ) -5 iR 4
PEHEATRI LG, AT XN T & e A S R L = Al SR R 2R
RO TR & R e N Y . AR JTTE A 7] A K-
TSR IR/ W R SO Ty T S A . X
— 5 THI 7 L5 A AL R T AL T B 5 545 0 452 R, An %
TG K BARDIC) 5 &Gt (AE) B 4 | DT 2
THOURI | 4 X 38 52 DA S B T =48 XU v LI =49
fii (3D X-ray CT) %, DASAIE R G 2 4 BRI 2R, )
— 5T, R MR 5T — R FRAE S T i LA 41 2 B
PCIEZA R G I = [ - LT O A g s <211 ] BV S e
KRBT AER 2Ry BRI R TR HE— 2B 5

4 %&ig

ARG T AR I B AR Y
Wb, BRI 20 45k, BF e 11 CHUS T 242 BBt
FOR , B TAEMAAEE A 2. MBS  1EEIA
AR R B BOR BJR DT 1) L4 < 22 RUBE v PR ELRE AR 61
AT R FRAETTIA BT R R IR A ) 12 R 4 2k L B
LR OFENEEY CIE TR R TTE AN &S G g St 5 b
BRI R RO TR e P RETT SR I A BFIE  25  AT 5200

T TE ARSI 5 b AR | S U
IR BTG R SL B A B T AR SR AR 2R A
AR R s BEANE ATt — 2 I R4 X T2 AR 9 B A 41 H
5 S5 HE LS BRI BFIE .

S

[1] Liu X, Furrer D, Kosters J, et al. Vision 2040: a roadmap for
integrated, multiscale modeling and simulation of materials
and systems [R]. NASA/CR-2018-219771, 2018.

[2] Guide for verification and validation in computational solid
mechanics [S]. American Society of Mechanical Engineers,
2006.

[3] Justusson B, Schaefer J D, Liguore S L. A technical approach
for assessing progressive damage and failure analysis methods
for structural performance [C]// AIAA Scitech 2019 Forum:
American Institute of Aeronautics and Astronautics, 2019.

[4] Wanthal S, Schaefer J, Justusson B, et al. Verification and
validation process for progressive damage and failure analysis
methods in the nasa advanced composites consortium [C]//
Proceedings of the American Society for Composites, 32nd
Technical Conference, 2017.

[5] Sause M G. In situ monitoring of fiber-reinforced composites:
theory, basic concepts, methods, and applications [M].
Springer International Publishing, 2016.

[6] Garcea S C, Wang Y, Withers P J. X-ray computed tomography
of polymer composites [J]. Composites Science and
Technology, 2018, 156:305-319.

[7] Llorca J, Gonzélez C, Molina-Aldareguia J M, et al. Multiscale
modeling of composite materials: a roadmap towards virtual
testing [J]. Advanced Materials, 2011,23:5130-5147.

[8] Van der Meer F P. Mesolevel modeling of failure in composite
laminates: constitutive, kinematic and algorithmic aspects [J].
Archives of Computational Methods in Engineering, 2012, 19:
381-425.

[9] Rose C A, Davila C G, Leone F A. Analysis methods for
progressive damage of composite structures [R]. NASA/TM-
2013-218024. NASA Langley Research Center, 2013.

[10] Camanho P P, Hallett S R. Numerical modelling of failure in
advanced composite materials [M].Woodhead Publishing, 2015.

[11] Zhuang F, Chen P, Arteiro A, et al. Mesoscale modelling of



12

Wi RHERAR

Oct. 25 2019 Vol. 30 No.10

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

damage in half-hole pin bearing composite laminate specimens
[J]. Composite Structures, 2019, 214:191-213.

FERRRE . B AHREZE GRS R 5358 i [D].
A FRTEATR RS, 2019.

Zhuang Fujian. Failure prediction and enhancement design of
composite laminate bearing behavior [D]. Nanjing: Nanjing
University of Aeronautics and Astronautics, 2019. (in Chinese)
Davies GAO, Olsson R. Impact on composite structures [J].
The Aeronautical Journal, 2004,108:541-563.

Hallett S R, Green B G, Jiang W G, et al. An experimental and
numerical investigation into the damage mechanisms in
notched composites [J]. Composites Part A: Applied Science
and Manufacturing, 2009, 40:613-624.

Amacher R, Cugnoni J, Botsis J, et al. Thin ply composites:
Experimental characterization and modeling of size-effects [J].
Composites Science and Technology, 2014,101:121-132.
Zhuang F, Arteiro A, Furtado C, et al. Mesoscale modelling of
damage in single- and double-shear composite bolted joints [J].
Composite Structures, 2019, 226:111210.

Bazant Z P, Daniel I M, Li Z. Size Effect and Fracture
Characteristics of Composite Laminates [J]. Journal of
Engineering Materials and Technology, 1996, 118:317-324.
Bazant Z P, Kim J H, Daniel I M, et al. Size effect on
compression strength of fiber composites failing by kink band
propagation [J]. International Journal of Fracture, 1999, 95:103.
Wisnom M R. Size effects in the testing of fibre-composite
materials [J]. Composites Science and Technology, 1999, 59:
1937-1957.

Green B G, Wisnom M R, Hallett S R. An experimental
investigation into the tensile strength scaling of notched
composites [J]. Composites Part A: Applied Science and
Manufacturing, 2007, 38:867-878.

Bazant Z P. Scaling theory for quasibrittle structural failure [J].
Proceedings of the National Academy of Sciences of the
United States of America, 2004, 101:13400.

Salviato M, Chau V T, Li W, et al. Direct testing of gradual
postpeak softening of fracture specimens of fiber composites
stabilized by enhanced grip stiffness and mass [J]. Journal of
Applied Mechanics, 2016, 83:1-11.

Camanho P P, Arteiro A. Analysis models for polymer

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

composites across different length scales [M]. Cham: Springer
International Publishing, 2017.

Arteiro A, Catalanotti G, Reinoso J, et al. Simulation of the
mechanical response of thin-ply composites: from computational
micro-mechanics to structural analysis [J]. Archives of
Computational Methods in Engineering, 2018.

Gonzalez C, Llorca J. Mechanical behavior of unidirectional
under

fiber-reinforced polymers transverse compression:

Microscopic mechanisms and modeling [J]. Composites
Science and Technology, 2007, 67:2795-2806.

Bai X, Bessa M A, Melro A R, et al. High-fidelity micro-scale
modeling of the thermo-visco-plastic behavior of carbon fiber
polymer matrix composites [J]. Composite Structures, 2015,
134:132-141.

Chevalier J, Camanho P P, Lani F, et al. Multi-scale
characterization and modelling of the transverse compression
response of unidirectional carbon fiber reinforced epoxy [J].
Composite Structures, 2019, 209:160-176.

Melro A R, Camanho P P, Andrade Pires F M, et al. Micro-
mechanical analysis of polymer composites reinforced by
unidirectional fibres: Part II: micromechanical analyses [J].
International Journal of Solids and Structures, 2013, 50: 1906-
1915.

Naya F, Pappas G, Botsis J. Micromechanical study on the
origin of fiber bridging under interlaminar and intralaminar
mode [ failure [J]. Composite Structures, 2019, 210:877-891.
Totry E, Gonzélez C, Llorca J. Failure locus of fiber-reinforced
composites under transverse compression and out-of-plane
shear [J]. Composites Science and Technology, 2008, 68:
829-839.

Camanho P P, Arteiro A, Melro A R, et al. Three-dimensional
invariant-based failure criteria for fibre-reinforced composites
[J]. International Journal of Solids and Structures, 2015, 55:
92-107.

Herraez M, Gonzalez C, Lopes C S, et al. Computational
micromechanics evaluation of the effect of fibre shape on the
transverse strength of unidirectional composites: An approach
to virtual materials design [J]. Composites Part A: Applied
Science and Manufacturing, 2016, 91:484-492.

Turon A, Camanho P P, Costa J, et al. A damage model for the



Hehsdt 5% PRSI RN A S

Sk IS A

13

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

simulation of delamination in advanced composites under
variable-mode loading [J]. Mechanics of Materials, 2006, 38:
1072-1089.

Maimi P, Camanho P P, Mayugo J A, et al. A continuum
damage model for composite laminates: Part I: constitutive
model [J]. Mechanics of Materials, 2007, 39:897-908.

Camanho P P, Bessa M A, Catalanotti G, et al. Modeling the
inelastic deformation and fracture of polymer composites-Part
II: Smeared crack model [J]. Mechanics of Materials, 2013,59:
36-49.

Tan W, Falzon B G. Modelling the crush behaviour of
thermoplastic composites [J]. Composites Science and
Technology, 2016, 134:57-71.

Mollenhauer D, Ward L, Iarve E, et al. Simulation of discrete
damage in composite overheight compact tension specimens
[J]. Composites Part A: Applied Science and Manufacturing,
2012, 43:1667-1679.

Higuchi R, Okabe T, Nagashima T. Numerical simulation of
progressive damage and failure in composite laminates using
XFEM/CZM coupled approach [J]. Composites Part A:
Applied Science and Manufacturing, 2017, 95:197-207.

Ostré B, Bouvet C, Minot C, et al. Edge impact modeling on
stiffened composite structures [J]. Composite Structures, 2015,
126:314-328.

Rivallant S, Bouvet C, Hongkarnjanakul N. Failure analysis of
CFRP laminates subjected to compression after impact: FE
simulation using discrete interface elements [J]. Composites
Part A: Applied Science and Manufacturing, 2013, 55:83-93.
Williams K V, Vaziri R, Poursartip A. A physically based
continuum damage mechanics model for thin laminated
composite structures[J]. International Journal of Solids and
Structures, 2003,40:2267-2300.

Bergan A, Davila C, Leone F, et al. An analysis methodology
to predict damage propagation in notched composite fuselage
structures [C]// Society for the Advancement of Material and
Process Engineering Conference and Exhibition (SAMPE
2015),2015.

Zobeiry N, Forghani A, McGregor C, et al. Effective
calibration and validation of a nonlocal continuum damage

model for laminated composites [J]. Composite Structures,

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

2017,173:188-195.

Raghavan P, Li S, Ghosh S. Two scale response and damage
modeling of composite materials [J]. Finite Elements in
Analysis and Design, 2004,40:1619-1640.

Akterskaia M, Jansen E, Hallett S R, et al. Analysis of skin-
stringer debonding in composite panels through a two-way
global-local method [J]. Composite Structures,2018,202:1280-
1294.

Smilaver V, Hoover C G, Bazant Z P, et al. Multiscale
simulation of fracture of braided composites via repetitive unit
cells [J]. Engineering Fracture Mechanics, 2011,78:901-918.
Forghani A, Shahbazi M, Zobeiry N, et al. An overview of
continuum damage models used to simulate intralaminar
failure mechanisms in advanced composite materials [M].
Woodhead Publishing, 2015.

Yang Q D, Cox B N, Fang X J, et al. Virtual testing for
advanced aerospace composites: advances and future needs [J].
Journal of Engineering Materials and Technology, 2010, 133:
011002-011006.

Hahn H T, Tsai S W. Nonlinear elastic behavior of unidirectional
composite laminae [J]. Journal of Composite Materials, 1973
(7):102-118.

Sun C T, Zhu C. The effect of deformation-induced change of
fiber orientation on the non-linear behavior of polymeric
composite laminates [J]. Composites Science and Technology,
2000, 60:2337-2345.

Van Paepegem W, De Baere I, Degrieck J. Modelling the
nonlinear shear stress, strain response of glass fibre-reinforced
composites. Part II: model development and finite element
simulations [J]. Composites Science and Technology, 2006,66:
1465-1478.

Vogler M, Rolfes R, Camanho P P. Modeling the inelastic
deformation and fracture of polymer composites. Part I:
plasticity model [J]. Mechanics of Materials, 2013, 59:50-64.
Koerber H, Kuhn P, Ploeckl M, et al. Experimental
characterization and constitutive modeling of the non-linear
stress, strain behavior of unidirectional carbon, epoxy under
high strain rate loading [J]. Advanced Modeling and

Simulation in Engineering Sciences, 2018(5):17.

Ramberg W, Osgood W R. Description of stress-strain curves



14 LA BA B A Oct. 25 2019 Vol. 30 No.10

by three parameters [R]. NACA-TN-902. Hampton,1943. and Manufacturing. 2007, 38:2333-2341.

[55] Tan W, Falzon B G. Modelling the nonlinear behaviour and [66] Bouvet C, Castanié B, Bizeul M, et al. Low velocity impact
fracture process of AS4/PEKK thermoplastic composite under modelling in laminate composite panels with discrete interface

shear loading [J]. Composites Science and Technology, 2016, elements [J]. International Journal of Solids and Structures,
126:60-77. 2009,46:2809-2821.

[56] Rybicki E F, Kanninen M F. A finite element calculation of [67] Chen BY, Pinho S T, De Carvalho NV, et al. A floating node
stress intensity factors by a modified crack closure integral [Z]. method for the modelling of discontinuities in composites [J].

Engineering Fracture Mechancis, 1977. Engineering Fracture Mechanics,2014,127:104-134.

[57

—

Hillerborg A, Modeer M, Petersson P E. Analysis of crack [68] Yang Q, Naderi M. A new augmented finite element method
formation and crack growth in concrete by means of fracture (A-FEM) for progressive failure analysis of advanced
mechanics and finite elements [J]. Cement and Concrete composite materials [M]. Woodhead Publishing, 2015.

Research, 1976(6):773-781. [69] Tsai S W, Wu E M. A general theory of strength for anisotropic
[58] Tvergaard V, Hutchinson J W. The relation between crack materials [J]. Journal of Composite Materials, 1971(5):58-80.
growth resistance and fracture process parameters in elastic- [70] Hashin Z. Failure criteria for unidirectional fiber composites
plastic solids [J]. Journal of the Mechanics and Physics of [J]. Journal of Applied Mechanics, 1980,47:329-334.

Solids, 1992, 40:1377-1397. [71] Puck A, Schiirmann H. Failure analysis of FRP laminates by
[59] Rice J R. A path independent integral and the approximate means of physically based phenomenological models [J].
analysis of strain concentration by notches and cracks [J]. Composites Science and Technology, 1998, 58:1045-1067.

Journal of Applied Mechanics, 1968, 31:379-386. [72] Pinho S T, Vyas G M, Robinson P. Material and structural
[60] Bazant Z P, Oh B H. Crack band theory for fracture of concrete response of polymer-matrix fibre-reinforced composites: Part
[J]. Matériaux et Construction, 1983, 16:155-177. B [J]. Journal of Composite Materials, 2013, 47:679-696.

[61] Jiang W G, Hallett S R, Green B G, et al. A concise interface [73] Benzeggagh M L, Kenane M. Measurement of mixed-mode

—_—

constitutive law for analysis of delamination and splitting in
composite materials and its application to scaled notched
tensile specimens [J]. International Journal for Numerical
Methods in Engineering, 2007, 69:1982-1995.

Xie D, Waas A M. Discrete cohesive zone model for mixed-
mode fracture using finite element analysis [J]. Engineering
Fracture Mechancis, 2006, 73:1783-1796.

Pinho S T, lannucci L, Robinson P. Physically based failure
models and criteria for laminated fibre-reinforced composites
with emphasis on fibre kinking. Part II: FE implementation [J].
Composites Part A: Applied Science and Manufacturing, 2006,
37:766-777.

Maimi P, Camanho P P, Mayugo J A, et al. A continuum
damage model for composite laminates: Part II. Computational
implementation and validation [J]. Mechanics of Materials,
2007, 39:909-919.

Lapczyk I, Hurtado J A. Progressive damage modeling in fiber-

reinforced materials [J]. Composites Part A: Applied Science

delamination fracture toughness of unidirectional glass/epoxy
composites with mixed-mode bending apparatus [J].
Composites Science and Technology, 1996, 56:439-449.

Bergan A, Davila C, Leone F, et al. A mode i cohesive law
characterization procedure for through-the-thickness crack
propagation in composite laminates[J]. Composites Part B:
Engineering, 2016, 94:338-349.

Ortega A, Maimi P, Gonzélez E V, et al. Characterization of the
translaminar fracture Cohesive Law [J]. Composites Part A:
Applied Science and Manufacturing, 2016, 91:501-509.
Camanho P P, Davila C G, Pinho S T, et al. Prediction of in situ
strengths and matrix cracking in composites under transverse
tension and in-plane shear [J]. Composites Part A: Applied
Science and Manufacturing, 2006, 37:165-176.

Makeev A, Seon G, Nikishkov Y, et al. Methods for assessment
of interlaminar tensile strength of composite materials [J].

Journal of Composite Materials, 2014, 49:783-794.

[78] Laffan M J, Pinho S T, Robinson P, et al. Translaminar fracture



HEhad 5% LPAEBR S PR A B 85 KBS B A

15

[79]

[80]

[81]

[82]

toughness testing of composites: A review [J]. Polymer
Testing, 2012, 31:481-489.

Czabaj M W, Ratcliffe J] G. Comparison of intralaminar and
interlaminar mode I fracture toughnesses of a unidirectional
IM7/8552 carbon/epoxy composite [J]. Composites Science
and Technology, 2013, 89:15-23.

Pinho S T, Robinson P, Iannucci L. Fracture toughness of the
tensile and compressive fibre failure modes in laminated
composites [J]. Composites Science and Technology, 2006, 66:
2069-2079.

Catalanotti G, Camanho P P, Xavier J, et al. Measurement of
resistance curves in the longitudinal failure of composites
using digital image correlation [J]. Composites Science and
Technology, 2010, 70:1986-1993.

Catalanotti G, Arteiro A, Hayati M, et al. Determination of the
mode I crack resistance curve of polymer composites using the
size-effect law [J]. Engineering Fracture Mechanics, 2014, 118:

49-65.

[83]

[84]

Catalanotti G, Xavier J, Camanho P P. Measurement of the
compressive crack resistance curve of composites using the
size effect law [J]. Composites Part A: Applied Science and
Manufacturing, 2014, 56:300-307.

Catalanotti G, Xavier J. Measurement of the mode II
intralaminar fracture toughness and R-curve of polymer
composites using a modified losipescu specimen and the size
effect law [J]. Engineering Fracture Mechanics, 2015,138:202-

214. (BG4 E )

EEE N

EARE(991— )5 M+, TXHFLH @ Lt LEMH
54 R RAAE AT 538 Rkt

Tel: 15251761283

E-mail: fjzhuang@nuaa.edu.cn

HEA(1964— ) F i+, i, BT @ ATEL
MR AT R AR B R A MR R

Tel: 13813988209

E-mail: phchen@nuaa.edu.cn

Virtual Testing of Fiber Reinforced Composite Laminated Structures

Zhuang Fujian'?, Chen Puhui'*

1. State Key Laboratory of Mechanics and Control of Mechanical Structures, Nanjing University of Aeronautics and
Astronautics, Nanjing 210016, China

2.Yangzhou CIRI, Shenyang Aircraft Design & Research Institute, Yangzhou 225000, China

Abstract: This paper focuses on the virtual testing of continuous fiber reinforced laminated composite structures.
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levels and the corresponding meso-scale failure models.
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