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Abstract  Fiber-reinforced polymer composites are extensively employed in aerospace, automotive, and related
industries owing to their superior specific strength and stiffness. This research focuses on addressing critical challenges in
modeling the nonlinear mechanical behavior and damage evolution of fiber-reinforced polymer (FRP) composites,
proposing two groundbreaking enhancements to establish an advanced, engineering-oriented damage constitutive model.
First, to resolve the inherent limitations of conventional homogenization approaches in predicting inaccuracies under
complex loading paths, a novel mean-field homogenization framework is developed using an incremental-secant
nonlinear formulation. This framework innovatively incorporates asymmetric elastoplastic deformation of the polymer
matrix and fiber-matrix interfacial debonding effects, enabling high-fidelity simulation of progressive damage

mechanisms. The proposed model overcomes the longstanding deficiency of traditional methods in capturing the gradual
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softening phase of stress-strain responses, particularly under in-plane shear and multiaxial loading scenarios, thereby
significantly improving predictive reliability for composite failure. Second, a pioneering methodology is introduced to
account for strain-induced fiber reorientation during large shear deformations. By formulating a quantitative relationship
between shear strain and dynamic fiber orientation evolution, the model achieves exceptional accuracy in predicting
nonlinear shear-dominated responses, a critical aspect for composites subjected to complex service conditions. Numerical
validation via ABAQUS finite element simulations confirms the model’s capability to integrate multifaceted damage
mechanisms, including matrix plasticity anisotropy, interfacial decohesion, and strain-softening effects. The developed
framework advances multi-scale damage modeling by bridging microscale damage initiation (e.g., matrix cracking and
debonding) with macroscale structural degradation, offering unprecedented insights into failure progression. These
advancements provide a robust theoretical foundation for the precision design of aerospace composite structures,
particularly in optimizing damage tolerance and weight-critical components. By enhancing the fidelity of virtual testing
tools, this research contributes to accelerating the development of next-generation composite materials tailored for
extreme operational environments. The proposed methodology is anticipated to serve as a cornerstone for future studies

on nonlinear composite mechanics and multiphysics-coupled failure analysis.

Key words incremental secant method, deformation-induced fiber rotation, mean-field homogenization, interface

debonding model, asymmetric average matrix plasticity
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Fig. 1 Typical in-plane shear behavior of UD-CFRP composite

fiber reinforced polymer) & & A4 BHE [ P9 BY 1) 4k fif
FAF T 15747 28 A I B BT 23 3 BB
L SRR B IL B8 S B R B 1L $ 475 B B, e,
SCHR [21] R IEDI 53405 0 B B TR 1T (1) 735
ﬂ@ﬁjiﬁﬁT#QEﬂ IR 7T, AHIEFAE Wu 250290 52
G- 1ER MFH J7 R 5EAE E, S0 5 & 5 44
JEXTM?? SAVE 5 £ Y AR T 1H I R A R, A i RE 8
R AR A1 B ) £ 48 52 5 ADRLEE TN BT D148 i
BEBGRERE (&1 138 1L B BY) BB R AR R, 2%
iR T A G TTIE TS AU S, ) AR i 2 2218 R
B B R B AR 2T, e AME Y S BIH ME  2% 18 T AR T
XF AT AT B ) 2, A A9 B R RRADL BT ) AR T i
B IAEHA.

1 BREEaMEEHHELRIEE-ERTE
kR
AT ) (UD) AR 237 i A 1

- 1E#JEZ AL (incremental-secant nonlinearity)
Jik. EIR G T T A SRS FE BT L R OR
SR ES . 5, A AR TN LT GEAH ) F AR
B B FH B - AR R0 P 3835 5 I AT AR G
AL B, FEVEANHE T AH A& SR 20 H 1 TH N A
{HE RN B S AT N8, Rl g T 4 4E 4 5))
(deformation-induced fiber rotation, DIFR) i/, 7 J5
PRt — AR SR R (interface debonding
model, IDM) KRB L4k - e A 53 55
1.1 AR AEEYIEXTFRSBEB M AR AR EY
SHERPERARL 5 2H 73 1R 1 2 g - AR O R AT R
RN

(1

S, 5 A M 4R BUR LT AR RIS AR, o A
Ty, e R 5 BN & ALSy (AR IK) 03
PERIBE T R4S, 2 ARSI B o T DA

Ccd = K1 +2G 1%, i=FM
E;
Gi=
T 2(1+wy) (2)
K=t
"T3(1-2w)

XA, G K 3 N U B R 4B & E; 2
IR &, vy A VARA LE. 1vol SR AR R 49 B 5K &), 1dev
M B A B K
TEZEHA IS OUT, Jm ik ek 2N
¢i =01 = (Yoi + 0y (1 - dy)

3
j_eq _ Tdev

Qi = Hig;

3, 097 2 von Mises S5 UN 7). Yo AWIAG AR T).
O NARLRYEREL . 77, g; NN Z B, H; £ INE S 4.
yIeb FORML R A T, FLEUE VG Y 1~ 0, MIERM1E A 1.
di N IR E, BUE TSR 0 ~ 1, IER1EA 0.
AL RIAE o7 R SRR B g; AL AR

3)

dev

/lN Ni=—
7i )
di = A1 - d)(l bg)
l

KHL by 53— AL S ML, WPE TR A, T
SR F], TLAIC0

/'11‘ >0, ¢;<0, )l,'(jbi =0 (3)
FUFIZ (4) TR ROBIE R &1 Jy
23 o.dev o.dev
gpl eq _ 20, -0 ,li 6
3 2 ||0-dev”2 ( )

A, oM IR YE A BB [ 2 KT )
G NTANESE k¢ = [Evi) T RIBESE & = [Yor, Hi,bi] "
R T B AR 3 B AR X FR AR (asymmetric
average matrix plasticity, AAMP), X F TN & 05t 48
MEAE k¢ (2 Bk AT AL 51 40
2
Yoi = Z warYoij (7
j=1

S T 5 R FEARALAT 5% 1 A e AL



%8 M

T B4 IR TE A 3 A A e B i - I B AR P 3 1 | 1923

normal :

wmlén] =&y }

shear:  wyplép] = 1—512‘,[

Horr, & ey MONFEREM N B R 7, A
—1<é&y <1, 1 NFAH, -1 NESE, 0 NEY). XFF M
IS F &, B RSB RS = AR ) 5K & odey A
R HAE, RN

\/ﬁ o—g;vlg
ém = > )

o_dev %
(“m )

dev 1
A, Tl = 1 (@I k=23,
YRR T S HUS SR

! . .
K" = [Yoij, Hijbijl', i=FM, j=12 (10)

Horb, 1838 = F M 9 RN A YERIBRAR, j= 1,2 4
N BIYIFIAE BT ) N E S 5. R AL B AR
FAHE RN £ 2 BEAT SR A%E, (EIX P 7 V2 R B RN T H
PRI KA T HRAAT 9, AR A 4RI B
FBBYEAT . ERX T 78, R 4Ef A = 2l sk
), R AR, BeAb, LF4EA % FE A E X FR R0
1.2 EE-FIERNFIHIELMEL

H A T A A S R 48 5T A 6
Kl B IR Q) A 4ESk op 4%, W 2(a) Ft
. BRI 24 43 50 R % 1) ] 4 D R vk & ce A
RAE. BT E =2 B cr Moy 2w, K
KFRcep+oy= 1A% K 20) BB 7 %A RVE, H
HE LT 2 RARR R X1 XX,

B 2(c) 41 T P33 10 T7 SRR A7 - AR
M) 7 388 B 1F vk () s i B 5 R TRD 18D B [t 2011,
LI (8] 1, Ab () S~ 389 B A2 5K 1 &, T E e o ) 2%
fof (B B A R ICiE) 7oA N ARG & Ag,. 1, 15

X,

(2) (b)

AR
Eni1 = &, + A8y (11)

PERTA] 1,0, TP 2(c). TT LU BE 2E T ] 1, B A
R &5 1T ISR &, BIRE RS ores
OB 2.

BRIk, 3400 PP B2 28 P AL ZE I 1) [ 1]
PIEAT, AR AEY | 7

Bne1 =& +AE, (12)
AR ) 3 BB AR E AN LCC, RS2 N
AR AE TSN 5K

B S5k & o, BT 1R 5 MAR T R 8, [
3 TR, W AT LA 2 85 f R B ) &6 = 0.
b, RN A G N

AEVH-] =&yl — &,

ores

&y

Ag = (@e’)f1 LG

=&, A&" (13)

A, C BRI NI, & SLh

Cl=C+cr(Cf-C4)) : Ar (14)

A, Ap LR N AR AR gk &, BORRIOU A7 AN
Wiz 5 AR N A S sk AN sk & B, iE
A — . AW 7K Mori-Tanaka 725, B AKH B 48
Je 774 Hr K )RR AT 2 B SCHR [15].

C; R ERIE T, KRR RN

lr_‘es +A0’;d
n n+1

o =gy, —C Asgld (15)

In
AoTd =C5 AEY, i=FM

In+1 Intl * Int1’

o-in+1 =0

Ql
Qi
Qi
3

(Eel @ﬁﬂ
HE7 ) ] &
Az A& 1|
Agd i
©

Ql
Ml
Ml

2 (a) UD-CFRP & #1KL (b) [CE AR T (RVE) KR8 KK () P33t 58— 1E HE R R 1K

Fig. 2 Schematic illustration of (a) a UD-CFRP composite, (b) representative volume element (RVE) and (c) schematics of the mean-field

incremental-secant approach



1924 Val = = Eitd 2025 3 57 B

& A FEIVEL PE LB RE CO | I RERIZRSE iz M A2 T I A RVE B BEAT 1, #7146 = 5 /i

n+1
AR 8] 1 SRR (077K B 24 ARy 45°. 0 3 B, VAT DV AT A R T
Gt =03 + 85" LA th, TF 45 8 0P e 30, T8 VAT A R
AT =C,, Aérdl} 16 £F4eH .

VRIS TR 5| B e % M B 0 n] U DL A 5K
VR R T E-EF LM ST
FIFR R 1E = IR [17].
1.3 TRESFUHEHIER
162 HHIRF 7B R A i, v AR e £F b, &) Fll ey [RRIESRIAR.
YELEATAR 7 1) BB AT . 7R SRR b, FRATAE 5T XFF 450 AN LR 4Ty ), e B Rk g2
TR FHGEL G EEME AT AR, B, U SR N AR PR O N T 450 4R 4E T TA).

1
0" = arctan( o ) —45 17)
1+811

X,

L
T

shear
deformation normal deformation . o
_ téy
fiber -
47 450 <]

1

no rotation . . 1+e,
in-plane RVE with 45° Lo
fiber orientation fiber rotation induced
B3 AR AT 4R 5)
Fig. 3 Deformation-induced fiber rotation
my
14 AHERFEEEFER d = (ck ||¢C’j||) . k=11,22,12 (20)
£
k

FEAHIF 5, A3 45 2 i AR AR R o i 56
FoORT, BT AR R AL T A, T 3. du Rldy S BIACGR B MO TR R ) 1 452
IO Rt i = F, M) BUAETR LA AR I, AR T ydeo D dio IS A PRI BI OIS e Ay 255

Y 1T B 9505 a6 8 0 35 A 3 T
" . N, BEBEZER (3) o3I AR A5 A d; AT L%
yiih = exp|-(os? - o7 ) | a8y

X, o ROREER SR L, T B A k B S5 dr =d11d12} @

IDM KIS Ha 55K dy = dpdyn
k= [B.k,a,a5" (19) STHN N R RHE N R S B U S5 A
15 SWYHRISESEMIME UD EAPNE P ko =i el S ez enmlt - (22)
ERREN )
S Lt R B UD M Ak sy, 2 TRttt
R N ST AR T B T TS L T B TN F SUCE ST R A 60% (e =

IR AL (1), i KA TG, MEEMEHEI A 60%) (1) C30/E201 BT 4838 A3 UD E Ak L,
AR ) DA S BT U)/E R A [ RS SRS AG T DA AT R R B 3403 A5 L R S 0. 1 e, Rt
2N B AT S 50br R BE S, KT R B BLAE



% 8

T B4 IR TE A 3 A A e B i - I B AR P 3 1 | 1925

UMAT 717 7 8UE S8, HH H 5 ABAQUS
v6.14 B %, X UD-CFRP + 45 2 AR 347 9 6 i 4
DA PR oA, 75 EE 3 2, T A% UD-
CFERP #li[a]. 5 1) LA K BT U1 AN In 4 b B AR ik 47
THETR I HA, BAES A 2 R T B R A
ER (3 (21)), A58 wT DAHE S 2 HoAth (1) AN [R5 1 B
A 277 5K

2.1 BHEHRA

FE51F 1, # UD-CFRP & &+ R AL 4 BY 1)
FevEp s #2 (B 1) 208 3 AN B 1. 3y
B I BRPERI RGP B LTI BER B Br. FRATTE
YR 1 AEAHE 7T AT R B - IR FNR R AR ML
I B AR R, 5 FRATT BRI 7T A R B -
IEYRERT AR b, 38 8- TEYNEAS & DU R AR B
SR, B4 - IEBE M AR B TP B I R
A

SR, FEFIR BT Be T AIRT B I I, P A 7 7k 2 1]
WATRA D). DRI, 214 1 8 2 J5ORN B Ak 1 e 9
PEZ S AT /TR BE T — B0 5 B AR s e R
W)~ IEEIBHEVERE (0 ) BB YERERE (), F
LPYETERE (kp) RIS BUAEE T3 1 FIER 2. TEIG1H
Zx ) AT BT AR

FIEREAT FLh CABIN IS TR 51ER)
e ), TATHIEL A EE IDM (1S H0k i Jo0)
55 11 B B SE R, T 2008 L 53R B B ) 520

TE2Z i [ F 78 HR 200, i e b AR P KB 5 s 56 19
ST N BT )M S AR AU, BRI E T IDM 1Y
SR X PP FREE T4 A, B 4 g

*1 WEEEMHESY

Table 1 Material parameters of the matrix

el pl
) Kn Kui
Marerial parameter

Ey/MPa  vM  y,/MPa  Hy;/MPa b;

for shear (i=1) 3.43x10° 0.32 22 7.33x10° 1.52 x 10?

for normal (i = 2) 22 1.48 x 10* 2.01 x 10?

®2 FHMTHE-EFEFTEMRSH

Table 2 Material parameters of the fibre and the fibre-matrix

interface
Marerial parameter  g,/MPa ¢ vr g k of"/MPa
KF 2.776 x 105 18.7 0.23

Kp 569x10° 1 225 122

AR TR s R, 727 IR SEI oS B R R
) DIFR FI5200 LLJE, “DIFR 15 B R T 5 SLi0 4
FARUF (AUAFE. N T FEoR DIFR [FRZMA, [F] 0 &
7N T % Bk DIFR J5 1, MR BT ) 1) 77220 57, A] LA
T A BGOSR T 4 3 ANBY B b, S
FHEBEEEN B L EF4EMEAS I O E
MGG, RTATPIANI BOIEAT T 2R, AHER b
5 H IDM Z40. 8 4 Fros 1)“DIFR 1/ 534 i
LRAERY B 11 RN T AR m 0 1 SE B0 SRR
E WS N 2 I k. BBAE, SN T PEAG DIFR
RIEZIR, 1% B8 7R T DIFR [ e 1 FE AN HERR T
DIFR 24N 1) SE BRI PN B Y000 S (FR i < Biil). 72
BB TT 45 R, B K e f e 4zl 1.2°. W] LAWL &%
B, TR 5 EE LT 4E R B, £45° )2 HAR 1 BT DI BE
718 % T SEBREY D) R

PRk, IR A BT 2R Sk s S BT )
M IS R S PR IR U () 22 0. an T 4 B, A LA
59000 B B BRI A S M. % I8 DIFR J5,
+£45° 2 R AR R BY B2 A7 53R T ke g SR T AE S
R, BT R S B B B ) 2E B B T AN W oa /0S8
T 51 S )T % £ P55 B 9 A 2 1k 388 o, e K ATk 3.6°.
HFHR=MBEMME, #5270 MSHe, =
0.039 5, ¢;,=0.35, m, = 1.5, FIESHINE 3. A
ZHuE T A C30/E201 UD-CERP & & EHK Y\ 1)
VR [ 3056 ) R A, WP S TR,

LI_I I | 111 ,
100 ; ‘ | .
ol = | 0.5
80
I -1.0
70 !
& 60 E s _
M 20 %
i 25
30 b
I -3.0
20 N
: elastic phase
10 1 :II:plasllcpand debonding phase 3.5
0 : N :III: damag.mg phase ) 40

0 0.03 0.06 0.09 0.12 0.15
Y12

4 +45°C30/E201 Jz AR AT A B e 3
Fig. 4 In-plane shear response of the +45°C30/E201 laminate
*3 FHAKIENSH

Table 3 Parameters of failure criteria in the plane
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