MW HZE AN ]2 58 36 &5 5F 6 Applied Mathematics and Mechanics
2015 £ 6 H 15 H M Vol.36,No.6,Jun.15,2015

X E S 1000-0887(2015)06-0563-19 © R FHBCERN F12% 425 45, ISSN 1000-0887
A '_|_' 0 *
BrERIR 1S 7 32 BY i i BB
ek

(PR ias RS J12E20e, L 200092)
EREES T T

FEE . WORIEA OB ——2F 4R A M e S BUTUR &2 & PR 58 2 D620 e 3 1> 5 T A [7)

BB S TR IO A A RN A T B PR R R, A AR T B P i g, ST AR A MR

AR IR, BP0 7 255 3 B s i, 0 00 I At 37 0t A A T R, MR B LI A

i NEE R J5 5 JC I i B A MR B TR =2 BT LA R M, A5 T i B i) B — A [ SR A H

i R B4 S ) R SR AT I B, RGEZA HH T IX 3 T ) A A AR T SR S T B A X

S Iy 58 AL FEAT R R I SR R B ik — 2B RS I TR,

X 8 A ZAME; EmEDR; WEDTE;  BIRAEE; NAEThRE; e,
Fr AT

hESYES: TB333 XEARERD . A

doi: 10.3879/].issn.1000-0887.2015.06.001

5 H

SR SRAEARHIRTREIR A RE Ty, AELARAa] TR S2 5 PR 09 588 BE AR AR 348 2 — A TH P o
RS 24 2 S 17798 Hashin 508 48 H - BIVE R 58 8 1Y B R MU AT AN 2 LT X
LB AR TR ) 2 B AREIR - -+ JFRAS AN FIART T 225 MR IR, 48 T IS AR A
AT HA N BEAS AR (WLSCHER[ 17, 1005 5T) SR8 1 HJE P E TZ A Bk BEAR SR I A7
TEERBEI B4, ORI T 20 3 i R RE SIS T , 22 o S ) Ml 2 SRR N, — HLSE i, B 5
BSR4 AN T8 RO T 2 IO, DR R 2 70 BRI REASHis 128 m] st g vy e ok | i
AALRE 48 Kt b e B 55 5200 4 9% T L 23 ROR A R 52 G ADRESS R4 [n] HHEJT 19, L 28 ] BE i
B HATRIE B G MRS A AR O SO LA

St B S HER T AT AR VR T £ 4R AR A 0 A R g e ) P R B
HE" (bridging model ) , J&“ failure Olympics” 2 P HHLiE H Ml — 7] 3380 2 24 3L A p #0088 4 1ip
TR T HL, 28 B AN 2 AN 5T /N ST AR UESE, AR BXBEIE 55 Eshelby J7 % | Halpin-
Tsai 227 HITT (method of cells) #H TR AR/ B IEIRAFBA Chamis B CCA ( [F.LRIFE)
BEHY Mori-Tanaka 757 AR ENE A FRITIE S5 5 i UL BB I ¥ AR TG, 78 S50k By Bo it 11530 45

« UWFEHHE: 2015-04-13; 1€iTHHEA: 2015-05-01
BESTH.: EEHABSES (11272238;11472192) ; HH Sl 5 54> (20120072110036)
BB/, EHHMY(1957—) , 5 WIdbsh e N, 4% (Tel : +86-21-65985373; E-mail: huangzm@ tongji.
edu.cn).

563



564

B
4

e

R SR B e

R WA ZBIHE T A 28] B0 21 2 FSL A P 107 ) 8 S B B 2 AR 5 AR A 80
BRIV g 2750 BE B, H BT X5 R B B (R HIE ) | 4 R EER 2 W 177 (X
PR ) BE T 2 A G PR G BZAR ) 1 S0 588 3 2 550 T 200 00 ) 27 5 3 P
JE_EANT L SRR 3 B R, AR BELL PO PR RES B T 3 A H T A BEIE T 52
BRI,

R, AL ZBTHER AR BEET 2 A 1A Y B 37 56 iy At S EL AR B, ey 5 — 412 Bk
TR AR AT B S AR 5 S5 AL PR S A R v B0 BRI 56 B2 2 18] 7 7 25 S AE TR RS - A Jit

PR R AT I St TE VR I E AT A 0 B8 B A0 SR U0 P I ) TSR A W A i B BRI B TR A

ARZ HAL 73 B0 A T B R A AR A o] PR 4 R B A 1R BE HE B 2R LB 750
JEE g AN B | 724 1R DL S ] R 20 500 BE TS AN AN T X0 S A i 8 114 5
SR 7E 27 2 U IR M L S B AU T, RS SO AUBCE A M R IR S 58 75 )5
AT AT A MRS A DA AR B 3 R A0 0L g 2 56k 38 B A R A8 1) — A 2
JEIAL

Pir AR BRI [ 2ok A 5 S8 1k 3 I R G T 5T, S E AR S )
H UG 2H 3V BE T S22 A 8 2ty A1 80 5 B 5t 88 5 — H AR AR ST 28 A L g —
SERIE ATV USRS B 9 B T3 07 TR S, [RIIRf g Hh 1 A7 SR i — 2B P
7 1wl

1 NN

AEART A BHE IO FR R AR 5 1 BB T A XS FRITAR (B A AR R AR FLIT representative
volume element B} RVE) BCF-34J5 77 Al € SL— s BN 1 FIN AR 1 5

do, = (Ld&idv)/vg de, = (fwdéidl/)/V’, (1)
o v Sk RVE RER, 4 <~ R i it A7 R e fdt iR X (1) A8 H

{do,} =V {da!} +V {do"}, (2)

(e} =V de'} + V. {de?} (3)
Vo NSRRI S LV, =1 -V, L IAR f ol m R 54 s 3R el i, Tt IR &2 A4 k)
BT R e T BRI B R A AR R AR e LR, R AL B R /N T 27 4 FIE R & i,
F(2) F(3) MR BT, A SCrh Y B kS H.

Bt A BRI (A, ], WA

{do?} =[4;]{do)}, (4)
RAZ(2) fi .

{dot} =(V[1;] +V,[A,]) "{do,} =[B,;]{do,}, (5a)

{do?'} =[4,][B;] {do;} . (5b)
PR (3) A

[S;] = (ViLSy] + v, [se1lA, D (VL] + v, [A4,1)7, (6)

(S5 ] R[S 23] S 2T 24k VR VAR Py 214 07 232 5 6 e, 2 M 2T 2 - 0 A P 222 8 6 I DL
e A S b BRSO RS HLL 40 s AR 43 ICHE M A A, (ELHRAS DR PRI LRI, fix
FLARFEAEN TAE )8 Mori-Tanaka FI| JH Eshelby 55203 2% J5U 45 1 1 50 0] 52 -G b4 BT 1K R R



FRERERIS I 5% 1Y BB il 565

g —A A
(A ] =[C (L) + [L 1087 ICLC] - (e D)8, (7)

BN G MRV ERE T — A U fE'WT’?ﬁ?@%EﬁﬁW MAE: 1) IB1EE] 4k
45 I AR R R AR AR 5 2) HBRF T aT R i Jr , 4153 (314 b1
BHIEA SRR 5 AN . E/\Mﬂl}_@mﬁﬂﬁuﬁ IR ARSI | 2 21 53 U H IR (A e
HY SR VEAS LA 2552 0 N N T T ERS S, iX 817 J& Mori-Tanaka-Eshelby g/ DT E &
oAk 5 TR 4 D DR T A

P B I it  H PR IR SE IR T R AU FE SR B BT R X 2 (7)
PAFEN > AR AR (8 A, T EL 30K 2 0 v ) bl AR Ik BELER 45 1 1 1 T A9 6 AL P
[A;] F1[ B, ] AR NA IS B .

Y2 EHN B | SR AR T i N R B IE A 2 0

{dol} = (V,[1;] +V,[A4,]) "{do,} -V, {b]}dT/V,, (8a)
{do?} =[A,J(V,[1;] +V,[A;]) " {do;} + {b"}dT, (8b)
{ory = (L] - [A,J(V[I] +

VLA D) OS] =08 (Lo} = {aj}), (8¢)

Hob {of} Al {al} P RLRLT AR P I R AT = T, = T,, T, 2 TAEREE (5
), T, WS R (N IEH).

TR AT 4 LR N 2 5 2 2 A AR 45 4 155
do! +dn, | [0\ Q5 05 0 0L 0L][de
dQ +dN Qh Q5 0y 05 0p Q|]|de)
d2) +dN, | Q5 Qn 0y Q5 Qn Qs ||2de),

= , (9a)
Aoy +dM, | | Qh Qn Qn Qb Qn Qx| dk)
Ay +dM, | {05 0Qn Qs 0 0 03] (2dk)
n . 1 n .
=Z(C;>k(2k—zk71), Q;I =?;(C§]>k(zz—zi4),
. (9b)

ij 3;<C)(ZA_ZM)

do' = Z (B) (2, —z,_)dT, dQ! = 5 2 (B) (2 —z,)dT,

i,j=1,2,3, (9¢)
[CCi) ] = ([T 000810 " ([T10),, (9d)
B =1B)L BB =([T,1),([S;1) e by, (9e)
{a b ==V ([S;] - [seD) e}y + Vilaih +V, {al"}, (9f)

dN,, N, AN, F1dM, ,dM  dM, 5350 inTe 2 & M b Bz 1 B8 N R T ) A A 1S & (]
D) on IR BURE 2 Bz, S5 4G 5 T H0 = A 55 & J2 B 40 R A B 0
WA

tdo b, = (L1,00) 4day 3 = ([7,00),([(C), ] {de 3 = {B}EdT),  (10a)



566 W el e
. z, tz,_ z, tz,_
{dg,-}f;={d82¥+ LAk de) + : z“dxfy
2de), + (z, + zk,l)dxg} . (10b)
dn,, Mo
!
< ,d,Mxy g ] x
dNw e dM,,
T z + m
e v,
P d M
i
b dM,, ANy,
an,
¥ S
B 1 2GR E T 1) 5
Fig. 1 Definition of the positive forces and moments applied on a laminate
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Fig. 2 Schematic of pure matrix interlayers inserted in between 2 adjacent primary laminas of

a laminate with the whole thickness and fiber volume fraction of the laminate unchanged

SRS AR /D T H 22 MR ) A R B R e Sl Y 2 — B
O-iq,l = 0-{.,1’ (13&)
C e ol <0,
ot = 1 ¢ 2 1/ 3 (13b)
[(o)" + (o)']7", o7 =0,
O-iq,c 2 - a’i,c s ( 143)
o), ol >0,
Ol =1, (14b)
‘ 0-1' - 0-11 ’ Ull = O,

Her, ol Fl ol R R RUR AR EE | o) o Fl o} RN ERN T (o) = o] =
o)) RREE g — 3T S (13b) AT (14b) 43 BT A T 22 A R 22 H 4 6 b s B 1Y R
RS FHE .
2.2 EfuR

TR B AR IR Y e L 2F 4 52 2% 0, AR 3247 5 52 BT i R A ], H ek 3
N 1A T4 AN 7 AR H A 5 55 IR LA = SR AT s B S S R B0 —
TR LT A5 B TR 2 B AT, SN AT 4 5 %) SRR B R R 4% 1) Sk, — M L R
B AR 7 1) 5 BE S I AN Tsai-Wu HIEE G 3L T2, — BUF R A0 2 | S0IA i LR
|37\

FI(UT])Z + Fz(o'glz)z + Fyoloy + F4<0'r1n2)2 + Fo), + Feoy =1, (15a)
1 1 1
ey By BT vR R R
(15b)
X, - X"l YI’I] - Yﬂ,\

Fi=——— Fg=——"—,

Horp, X, XL, LY S, e BRI R SR A Bl ) (S5 4R 4R 1 — B0 PR e FEAE R 1)
A 1o e 4 S 1T PN B DT SRR P AR S e 3 A FE 0 2 R | R A 2 A 3
AT RS BT 5 B A 2 R 48 10 S i Kl 10
FEARAZ S
o, +o, +o, =0; (16a)

FR 2 SRR



B
4

568 )

ol +ol +o) <0, (16b)

2.3 HarSEHGHR

PRSI A: 5 1 — M et e, J2 R T i S AR B IR Y A 4 R IR
RSB S NI ENA L 87 P | Qg 87 N 2 SRR Uil 27 NG S VA LA JE R | B S AR 127
B BRI W — > B2 B R A RS ARGE B T AR BRBIR , X B A SR AR
R BN BRSPS ARk X — R AN LA B A B ME R SRR EL AT 4
R0 3R 3 TOUHORG P8 O e 1 O R R B TR U2 W A B 8 e e e — 2 R S S
AR BB IR0 11 TR A B IR S phy 1 AR R SR B R T S L X 5 B AT 2
MORERE T 45 43 FORMB A A SCARFF A0, — A R J2 A Al i 48 Hh USRI, (B
YRS SE UL R B SR ik H 45— e AR B fiE

e T R, B RN & Tl R B 2 | 5 R B AR B A iR,
24 RIEZRE

BRARAFAEAR B AT BN IR 4 R I 118 B2 08 J2 5 A R AR T 52 1) iR st o 200 958 13- k. 2
A NI 7 A2 W e el 200 (BTG T T A Al oot =X e . 4 AR B A B R % 17 Ak 1Y
PLARBBEIR | BEAAR R 337 {5 B2 i 1 g -7 A8 IR B R DTR3NS TR0 I mh 3, SCHR [ 14 ] 52 4
AR IR 2 ) HE AT B 42 401 08K

E" = 0.01E", (17)
Horp By Rz 208 & AR SRR & AR S HCE AR AR,
2.5 IRREHIF

BRECABIASL , 75 —Fi ] BRI A2 A AR T IS AW 0 (17) , 2o S EOR 2 A (i
200 BN AETERRK, 5 SEBR AN R, 20 280 0 — 4> A8 29 A5 PR 0 R B W 5L 5 6 4
R, HA RN AR — AN 159" SCHR L 141 BEB0HE 129% ORI BR B ZE 2 1 30RE 2245 A Y
W PRBIR AT 4 4>, WA 1 ARAT—A Y BUERT L= 5 B i PR .

R1 ZEMRRBIAEX

Table 1  Ultimate failure types of a laminate

case failure description

1 a matrix compressive failure in any primary (excluding any interlayer) ply

2 a fiber tensile failure in any ply
3 a fiber compressive failure in any ply
4 a strain component in any ply is absolutely greater than or equal to 12%

e S TE AR, 12% B9 DR YA X R A WA G BRE, X B AR e Sl by e 2 5
FABE, i 5 Rz 728 17 39 B K B /ML

3 A= M

3.1 EHBEZIMMMEESH

BIFR N SRR AE A 2 35 Ko AR 22 21 HE RN 1) 37 (in-situ) PEBESHL, 20 2010
T X BE SRR T7 AT SB35 T,

WFFER ], 21 A AR 1) B 5P RE 5 D M R[], il 2 U, AT e od B — 2 23 et
AR B S oyl b BB T/ (407 R S Ak A R

P BRI, 21 438 5 R VR O BB R R e s EL2F 24 iy o J3E AR v 72 50 L4220



FRERERIS I 5% 1Y BB il 569

FE U PR 22 R A0 U] B T AT AL ER A B i R SR — M R AR R, SR P R
TR 2 LT A AR i B R s AR A0 0 7 A5 A T AR S BR A R
Iy E

o, = (o} = Vo) /V,, (18)
Hop o, R & A AR R B/ TR4E5REE o A LER R R/ RAERE o R Hk
IR B B R P R 4 5 B IR UG, BT A 4 A i B I HE R 24 0 B, DA 2 I 4 i B A AR S T 4
SR JE B Z AR AEIF X S B B e RO 2T dE i B ELA S R R AR N T
syt RAEAE I R S, BoRa 2 (18) By U+ B Sk B ] A AR R Y 4T 4k
SRR R T HEAER R, AR 20T 0 BICKR A 1R 2R TR 27 4k 1 7 ), 2 17 4 2 BT g
HRAZ ) Fe R ) BV B AR FH AR TE Wb IR 45 1, 5 B 8 X rh b SR 25 B A 4 A RN AR 1) L P A
AR (18) iRk Tk e etk fe , HREE—Fha (ol Rl , 2F 28 58 B fe 4 AR IR BRI
A w e

¢ Efua'llll
0=
VE, +VE

Horpr B R 2R 2 il ) s AR 3 (19) B IE 25 R 2 A8 21 4 RN SR B BB IR A PR 4 4k ot
P, IF B LA B2 08 5 (A5 5 ) 52 A A REAZ Sl Tl o A B 1 A 1 S IR B 21 AT 2 DL SR
[24-25].

Wt —k , A FeAAR i B35 B T B 2 3 52 b, B AR R i 3R 1 AR #4 5
O A5 LB 5 5 DR AR B R A A 25 5 Y ) B B MR SZ B T AT oy, TR, 2R 31
SRVEASIE K R A T A2 | FEAR AR AE O B 40 (ULER [ 2], 2R ATl FFF % B S i) /&

Vr(VmEfll - Vflem) [BE{HE;z + (1 _IB)EmEfll - EmEgz]
(B~ E")(VEy, + VE)[(V, + BV, ) Ey + (1 -B)V,E"]
_ Pl +f(1 Rk oo (20b)

(Vi +BV,)Ey, + (1 =BV, E"
ES, v, 53 S22 (AR ) A K] Poisson L, »™ IR Poisson tb, B MRS E, H T
JHAE AR YEHED A AR PR RE RO I 0 25 B D SER RS LB AT HE 0.35 5 0.45 2 [A] HUA.
P T4 1) 2 A A P B A 2 B JE IR, e N 7 e 45 Hh B 1) 525 R A ) P e e B

(V, + BV, ) Ey + (1 =BV, E"

oy = ; - Y
BE, + (1 -B)E

% I8 —FPIRLT /R E AR A S MERERE R V, = 0.62,EY, = 80 GPa,E™ = 3.35 GPa

o, =80 MPa .t B =0.4 4 Y, =0, HN(21) W AR mIPLAHER Ly 147 MPa, 17 S50 58

FEAL N 35 MPa'™) X W1 SER B IR 1 BLAARE ¥, SR KR/ N T LR AR AR o .

3.2 BN AhOERRE

SRR S0 T JEAA R B 0 IR RSy 45 (H IR AT R B, SN2 4k J5 1 07 g 46 v
S BRI 1) 5 AT SRR 0 A AR A SR PR 25 s R R I S T A R BT USG5
— TG P A S T B L ) BEAA SR A2 T 7 ) AL = A i AR b FLIN S R S TR AR
RERY LT 4 5 R 2 7 AR Ny ) AR vh . — EUSR S R 4 v R4k, SRS A7 0t B it 46 1 L D 4R 0 B R
DSvEY 8

SR, FEAAR I 1 7 4 h R BN ] {5 B 77 vk e SOR Ll (27 2 FnSE 4R Bt i ) — a5

(19)

m

T

0-22 ’ ( 203)

m
)

(21)



570 T E2 ng

IS S AMININE 3 2 L, A5 U BT AR 3 4 rh R B0KE 5 AT R AR RS i TR0 R, —
HLEFLEAN IR TR HH DU (SEBR b LU LU R 0] 0 <6 s 515 96 5t 2T 4 Wil il ) < JR B 2 A
BH AR/ VR S LA AR E i AE Ay ), R M7 VR 45 B B B9 B O 0, PRy S0 U )
J32 3 FCPROK . BRIR AN Al IR 7, 3l SR BB X B 7~ 4239 Jis 757 Rl s SR 7 8 v 28 K vl 2, Z00AR o
MR LA AR (2 T Bl i) P4y 7 P B 2 M A o R BOE SO RN T 5 I AN T 2
PR A L — Rl (A T ) S35 7, b AR DL U, S A f) B ) 46 vh R B
ABERE SRR ) 5 S0 2 L.

integration line

444443?444444

L outward
normal

failure surface
. A
failure surface

integration | |
line

X3

2223 AAAAAA FRARARARARAR A
(a) HE M (b) & R4
(a) A transverse tension (b) A transverse compression

B3 FERAR TR E
Fig. 3 Schematic of the stress line based average used in defining SCF of the matrix in a composite
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TEM N BT SAE RS B 526 PR R IR 3 28 AR B IR i 5 k2, 39 D03 B2/ = ( LS
HR[24 ], MBS B AR AT ) 2
L Ve aV )6, + (1 -a)V, 6"

T = [aG, + (1 —a)G™]

D SRR IS o TTAE 0.4 F] 0.5 Z [ HUE, Bl ANEL « = 0.45,
5

W i

VAR 24 A MR 58 B A BUR , HEACEEAT BEIE BY FTIN AE T , Hinton 25 7 9% [E Y
P B SCRE T AR T 19 Mt 5 B HACSRIE R BIE , 23 Bl X 4 Flobs A R 3L 125 4

O-:IH,S' (33)
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AT B (PUCAMSEERAS R ), f T B B4 RS 52, PRARE 5 S50 0 LR ) 45 i
FIo3 91 HE2 Y AR UE A R AW AZ S I T PPAS A 76 S 0PI 400 ) 2 35 3 398 Gk
X A BRI A 2 S S A RIS T ) T 485 R IR (HAE 2R ST 0 19 FhEigh
ICHEAA 55 8. 3 L AR 8 FH A BRI HE AN 5 B 2 24 AN B B DR 347 F e R T e g e I 0 40
P, JC R R J5 — AR A BRABEIR | BB 5 1) B0 J22 S it 5 4 MO 8 il , 3k 26 420 B 2 AN
8 A 27 A U R OR SR B 3 5 S s 0, 0 L 5y — A NG B R 44 S A Rk 2 5 W
iR EE R O A 25 A SR AR Y R S
R2 ABPORALA 09 YRR PERE BN L 1 B A AR SR B
Table 2 Properties of 4 fiber and matrix systems and strengths of the unidirectional

composites made from them (B = 0.4,a = 0.45)

AS4/3501-6 T300/BSL914C E-glass/LY556 E-glass/MY750
fiber matrix fiber matrix fiber matrix fiber matrix
E,, /GPa 225 4.2 230 4.0 80 3.35 74 3.35
E,, /GPa 15 4.2 15 4.0 80 3.35 74 3.35
Vi 0.2 0.34 0.2 0.35 0.2 0.35 0.2 0.35
G, /GPa 15 1.567 15 1.481 33.33 1.24 30.8 1.24
G,y /GPa 7 1.567 7 1.481 33.33 1.24 30.8 1.24
o, /MPa 3350 69 2 500 75 2 150 80 2 150 80
o,./MPa 2 500 250 2 000 150 1 450 120 1 450 120
o, /MPa - 50 - 70 - 540 - 54°
o'\i' /MPa, measured 1 950 1 500 1140 1280
o1i /MPa, measured 1480 900 570 800
o%' /MPa, measured 48 27 35 40
05 /MPa, measured 200 200 114 145
o}, /MPa, measured 79 80 72 73
Vi 0.60 0.60 0.62 0.60
K, 1.899 1.932 2.713 2.658
K5, 1.329 1.414 1.828 1.782
ol rule of mixture 2 037.6 1530 1363.4 1322
(‘predicted) relative error 4.5% 2% 19.6% 3.3%
ol rule of mixture 1 600 1 260 944.6 918
(predicted ) relative error 8.1% 40% 65.7% 12.9%
ol bridging model 2 035 1517.4 1367.2 1326
(predicted) relative error 4.4% 1.2% 19.9% 3.6%
oii¢ bridging model 1518.7 1213.9 922.1 894.3
(predicted) relative error 2.6% 34.9% 61.8% 11.8%
oy bridging model 52.9 57.1 54.2 54.3
(predicted) relative error 10.2% 111.5% 54.9% 35.8%
o5° bridging model 273.9 156 120.7 121.6
(predicted) relative error 37% -22% 5.9% -16.1%
o bridging model 79.1 111.3 91.7 90.2
(predicted) relative error 0.1% 39.1% 27.4% 23.6%

a. Taken from ref. [ 35] for the same matrix material ;

b. Taken from ref. [ 36] for the same matrix material.
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ML L B SR 2 A0 B B B Xt 5 125 A% 100 o 9 10 AT 31 A 1 2
S AR AL T 2T 2 R F 4 TR S TR 3 M (L3R 2) , B/ SR 1 17 - A% ot 4
B0 e BRATTAR IR (18) ((31) ((32) FI(33) JHEE T 4 R i S 45 bR SR, H 5
ST AR E A 0 B0 B B B, W A SR D 55 R T3 2 PR, SCHk[ 26 ] Hh BT R B
LY556 K% MY750 4% i 55 50 8 43 51 b BUAE SCHR[ 35 ] AL 36 ] i A Fe b il LI Y AR IE B 36
B DR TR T4 A6 7.4 A2 25 W A Bl 1) K R 160 37 TS B TG PN S DD 331 20 AN (1, 4
6 PR B TRAR A 5 LI 0 LR 22 TE 50% 2 AM R 3 A AL 15% , 535 85% TR 15
FAE 50% VAN i1 T 58 RMARLE 43 bBHE A P BEHEAT T, AR 0 27 4 (R I H 5 A RS2 86
KI5 O 2 S M X AR B9 4n 3 2 T g W R B 2T/ 3R 46052 B RE, FCZH 40P B R
R, 274 &5 B RHT AAEEAR T 10% BOLT it 22 57 (IR A9 52 45 i ) 6 4 i 38 2 9%
TERIK 40% , RN 5 LI I BB R TG .36 2 U], BRI A R IR A L (18) F T
TR LT 2 B B TS LT AR IR B 16) 5 DA Bt 6] SR B — i T LA A2 {ELE A 3 B QAT I A 7
NF(31) PRI 22 [0] FRT8 3 22 S/ R 780 20 X A A S 9 S

HE— 25 FATTXSCHR 26 1 B3R i BT A RIS AT T 407, 45 7 B A s 2 4 bR 1)
T R I3 BE (3 2) ARG 6 2 AT 20 538 2 18 T LR Bk A8 T2 R AR 43 17 ) 1 2
O LE T2 R 4 AN SRR SCHRT 36 ] FP i T MY750 19 S5 06 5346k FILHS 455 187 7 -7 7% i 2%
B AR SCH B | LSS TS0k 26 1 Hh 44 Y LYS56 I 28508 5 MY750 Bt AR ], A< S0k
ST o B A A R B S R 7 - I 725 Y 8 4% 1) — e, B TS A i o 8 5 B0 o S ik
[26 ] $ 3k B Xk 7 B 1] 52 2 B AR B 010 7 3 - 7 25 g 26 S5 38 52 . 3501 -6 19 P47 11 2 Fl SCifk [ 26 42
L ) B ) 52 B B AL 1) T 45 107 7 - 728 T 4R S S A5 3. RUAT 914C A TR 45 i 48 TE M FETS | AR SO
SE h 5 R AR R4 FhRCAR IR R TR S T4 3 .

SR A e, W 22 TR R B T 5 S 00T LU, PR 4 L 4 IS
WEDT T EHBURIG SRS SR TR 4 thU R B T 3 SR BRI B
TR s 2 B RN ™ A 28 e A8 T ELAS % SRR A 7 7, SR 0 1l A 5 8
D R 2 e T R 2T A R R A RSO BRIV AT 3 St e e, TR0 B b e A 5%
T, B MELL LB O A R M e A IR S ER S SR A I T 5 = 4
T T A 1 S A T AR AN IV 3 1) SR JIT A 1 0 2 20 B B B L R Bk B4
K5 B B 14 Zinoviev FINE IR 4ME 10 1031 T 28 4 M TXF L 45 5 TR, T AJER S A5 T
X TR B0 AR Ay A (G55 2B LUAH2ETE 10% LN ) A K IR 3 2 R0 18 & 30, T
B 14 A 7 g - 7 75 i 28 T2 A AR B L T T R 7 - o7 7L S 4T 1 4 B
DR SCHR[ 267 FP B At 1 AT (R i MY750 A R 10 80 i & 4 b R4 I P 59 40 B s 1 R
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U2 MR B T A5 b B S A T PR B T) 1 R 44 - A i 2 S
SR A7 A R R A B ST RE R KA I A SC BN 45 SRR e, 2 B PR A 1 ) BORCR H
R T BRI 4 JLAS BB AT 5 s 1 5 A S S AR F A A B — A i, LB P I
P 2R B2 BB IR RIS | 0T SCHK [ 26 ] A B A e B 5 FLvk , AR B0 B 18 1 3501 #4
LA 2 PR A 0 2 e T A S R R, PG AU R, 5T B ORI 48
S A Tt — BT I8 A0, AR SCE B J1 b 787 R (8¢ ) /2 TE Benveniste I Dvorak
(9 TAERERI AR A AR B A ) 2 e T 0 T B i) 2 A bR v £ S R AR A ) 5 4%
P S A BOAE R 1 R e 2R TR | Levin [AlRESE T30 )24 1 G 10 T B0 &2 A RHI #
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Ak FRA k2Lt R SR AR AR P BN ) X LR 1 A BRSSP s
TR 7R SE T IRERARL S 0 W A S 2 P 75— B R 6 52 5 e JBE T4 Hh o L 37 220,
R34 FEABORL HN g AR

Table 3 Original tress (o) -strain( &) data of 4 matrix materials under tension and compression

3501-6 BSL914C LY556 MY750
tension compression tension compression tension compression tension compression
e/% o/MPa -&/% -o/MPa &/% o /MPa -&/% -o/MPa &/% o /MPa -¢/% -o/MPa &/% o /MPa -¢/% -o/MPa
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0.24 10 0.24 10 0.25 10 0.25 10 0.15 5 0.15 5 0.15 5 0.15 5
0.48 20 0.48 20 0.5 20 0.5 20 0.3 10 0.3 10 0.3 10 0.3 10
0.71 30 0.71 30 0.75 30 0.75 30 0.45 15 0.45 15 0.45 15 0.45 15
0.95 40 0.95 40 1 40 1 40 0.6 20 0.6 20 0.6 20 0.6 20
1.19 50 1.19 50 1.11 445 1.11 445 0.75 25 0.75 25 0.75 25 0.75 25
1.43 60 1.43 60 1.73  55.1 1.73  55.1 0.9 30 0.9 30 0.9 30 0.9 30
1.53 644 1.67 70 2.74 60.1 2.74 60.1 1.04 35 1.19 40 1.04 35 1.19 40
1.75 69.5 1.9 80 3.3 64.8 3.3 64.8 1.19 40 1.49 50 1.19 40 1.49 50
2 745  2.14 90 428 694 428 694 1.34 45 1.8 60 1.34 45 1.8 60
232 795 238 100 5 71.6 5 71.6 1.5 50 2.11 70 1.5 50 2.11 70
2.58 834 253 106.4 5.66 73 5.66 73 1.65 55 2.44 80 1.65 55 2.44 80
- - 3.17 132.7  6.59 75 6.59 75 1.81 60 2.82 90 1.81 60 2.82 90
- - 328 1375 7.52 71 7.52 71 1.99 65 3.31 100 1.99 65 3.31 100
- - 339 141.6 8.45 79 8.45 79 2.18 70 3.98 110 2.18 70 3.98 110
- - 348 1447 9.38 81 9.38 81 2.41 75 5 120 241 75 5 120
- - 3.58 148 10.1 82.6 10.1 82.6 2.7 80 - - 2.7 80 - -
x4 AFEMISTHRAT S
Table 4  Overall grades obtained with different approaches
bridging model bridging model bridging model
grade Zinoviey (LT+no thermal) (NLT+no thermal ) (NIT+thermal)
A 53 57 72 59
43 30 32 40
29 38 21 24
A+B 96 87 104 99
(A/total) /% 42.4 45.6 57.6 47.2
((A+B) /total) /% 76.8 69.6 83.2 79.2
# LT =linear theory implying that the matrices are assumed as linearly elastic until rupture.
NLT =nonlinear theory implying that the matrices are assumed as elastic-plastic.
no thermal =no thermal residual stresses are taken into account.
thermal = thermal residual stresses are incorporated.
grade A; agreement between a predicted and a measured data is within 10% ;
grade B: agreement between a predicted and a measured data is outside 10% but within 50% ;
grade C: agreement between a predicted and a measured data is outside 50%.
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ay, = Em/EEl , (B3)
Ell\
ap =B+ (1-B8) —, 0 < B < 1(Itis usually preferable to take B = 0.35 ~0.45) , (B4)
i
as; = 0 < a < 1(It is usually preferable to take « = 0.4 ~0.5) , (B5)
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Latest Advancements of the Bridging Model Theory

HUANG Zheng-ming
(School of Aerospace Engineering & Applied Mechanics, Tongji University,
Shanghai 200092, P.R.China)
(Contributed by HUANG Zheng-ming, M. AMM Editorial Board)

Abstract: In order to predict the strength of a composite only based on the mechanical proper-
ties of its constituent fiber and matrix materials measured independently, 3 challenging prob-
lems must be resolved with high success rate. First, internal stresses in the fiber and matrix
must be accurately evaluated. Second, efficient failure detection of the composite in terms of
the internal stresses, i.e., the micromechanical strength theory, must be achieved. Last but not
the least, the input data of in-situ strengths of the matrix, which can hardly be measured
through experiments, must be correctly determined according to its original counterparts availa-
ble independently. Each of these problems is by no means easy to deal with. This is why the
prediction of composite strength is extremely difficult. The bridging model, originally estab-
lished by HUANG Zheng-ming and further developed to a powerful theory, presents a systemat-
ic approach towards solving all of the 3 problems. This paper briefly summarizes the theory by
focusing on some of the latest advancements. A number of further research topics are also high-
lighted.

Key words: composite; strength prediction; internal stress evaluation; failure criterion; stress
concentration factor; in-situ strength; bridging model
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