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Abstract  Failure criteria are of great importance in progressive damage simulation and ultimate strength prediction of
composite materials. Towards the damage-failure problem of anisotropic composites, the existing failure criteria are
comprehensively classified and summarized according to model architecture and development venation, with focus on
the failure-mode-independent and failure-mode-dependent failure criteria. Meanwhile, the theoretical models based on
the action-plane assumption were analyzed. Moreover, the basic theories and methods for constructing stress-invariant-
based criteria were described, and the resultant models were presented. Finally, the other two types of failure criteria, i.e.,
strain energy criteria and damage-based criteria were discussed. The investigation shows that the rationality and
applicability of the higher-order phenomenological failure criteria still need to be verified, and the foundation and main
direction of the strength theory development for anisotropic composites is still the quadratic stress criterion; the energy
criterion and the damage criterion show rationality and applicability for nonlinear and quasi-brittle composites, but their
expressions are more complicated. On the basis of in-depth analysis and research, the development trend of strength
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theory of composites is prospected, and an important and difficult direction of "damage-fracture synergistic theory" is put

forward, with a view to providing more valuable references for the design, evaluation and application of composites and

their structures.
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Table 2 Failure criteria for tensile fiber mode of unidirectional composites

Contributor(s) Expression of criterion Model description
Jenkin®2! o1 =87, 01>0 Maximum stress criterion, where o is apparent axial stress, oir is axial fiber stress, S7; is axial
Stowell et al.] oir =S, o1r>0 tensile strength of fiber.
Waddoups et al.[*” g1 =¢f, >0 Maximum strain criterion, where & is axial strain and e} is axial tensile failure strain.
45 1 Vilo Modified maximum strain criterion, where vg2 is fiber Poisson ratio, Ef is fiber axial modulus
Puck et al.[**] et ?mo 2] =1 . . .
€ fl and m, is a magnification factor.
M ¢ al 5 (0'1f)2 o0, Micromechanical criterion, where os¢ and o are fiber shear stress components, S is fiber
ayes et al. — | +—=————>==
ST (Set) shear strength.
Tt oo 1 Modified maximum stress criterion in which the subscript “f” stands for fiber. The model involves
Huang etal 58~ ZHZ720, - 21402 =St
getal. D +2 (o1t —02p)" + (rsf_slfA . .
isotropic tensile strength of fiber.
3 a Vo1 s o Characterize tension-shear coupled rupture of fiber. Parameter S| is shear strength along fiber
Hashin*! | T lostog=101>0 . 64 ; ;
3 St direction in the fracture plane. Yen[®¥ replaced the stress components by corresponding strain ones.
a1 Similar to Hashin criterion, used to simulate impact damage, where S¢ is in-plane shear strength
H [65] 1 2 2\ _
ou et al. G + S5+ =1,01>0 ) ) )
1 Ss involving fiber tearing fracture.
Ch L) (g—, )2 2+3aEso; (0—6 )2 | Characterize fiber failure dominated by stress o . Parameter S¢ is in-situ shear strength of lamina
ang et al. — | +———| =] =1, 01> ) ) ]
Sy 2+3aES3\S6 which can be measured by symmetric cross-ply laminate.
. 1 1 1 L . L . . .
Christensen!®”! (ST - F)U A 1=1,01>0 Similar to Hoffman criterion, do not distinguish tension and compression failure modes.
1 1 121
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Table 3 Failure criteria for compressive fiber mode of unidirectional composites

Contributor(s) Expression of criterion Model description
Jenkinl??! o1=-87,01<0 Maximum stress criterion describing o or oy dominated compressive fiber failure
Stowell et al.?3! oi==S1m o1 <0 where S7; is axial compressive strength of fiber.
| . . L Lo
Puck et al 145 L (8] + ‘/Eﬂmc fo_z) 10y =1, () <0 Compression-shear coupled model, where y»; is shear strain, ] is longitudinal
€ fl compressive failure strain, the introduced factor is used to characterize shear effect.
M ¢ al 52 (o-“-)z Tt Characterize compressive stress dominated failure during compression-shear coupled
ayes et al.> — | +—=——= )
ST (Ser)’ loading.
oiptoy 1 . . L . . .
Huang et al.l>®! % ~31 [(o1p= 020 +402, =S, Micromechanical criterion, where fiber is assumed to be isotropic.
2 . . -
Yen® ((0‘ ,)) Lo =yt <_ o+ 03 > The model considers the effect of transverse compressive stress on longitudinal
ST ! compressive failure.
2 owards unidirectional laminates, characterize fiber failure ransverse compression,
WDV (o) T d directional I tes, charact fiber failure by t p
Yenl64 (&) +(ﬂ) -1
S5 S5 where S is transverse compressive strength.
. 1 1 1 L A s . . .
Christensen®”) (F - ST)U 1+ = 1=1 Similar to Hoffman criterion, do not distinguish tension and compression failure modes.
1 1 1°1
(o) + e - . T s
2o, ol<0 Plane-stress LaRCO02 criterion characterizing fiber kinking failure, the superscript “m
L. Se . . .
Dévila et al.l%] 2 2 represents local stress of the kink band. Mohr-Coulomb theory is used when the matrix
o oh\*
(S%) +(Sf6) =1,0720 is compressive, and tensile failure criterion is used when the matrix is tensile.
> 6
(lo2]+nLoy) L . . .
2o oT <0 Plane-stress LaRCO03 criterion improved from LaRCO02 criterion, without fitting
. Se . . . .
Davila et al.”! . h2 ) omaa parameter. For single layer in laminates, in-situ strength should be used. The model has
a. - (o
a *8)5% +g(s%) +(S*6) =1,0720 advantage over Hashin criterion in predicting compressive matrix and fiber failure.
> 6
2
(0—721) =1,03 <0
Pinho et al 14 Sy—-nLoy 2 3D stress-state LaRC04 criterion improved from LaRCO03 criterion, considering shear
inho et al.
a )‘T? (0—'2" )2 307+ x(€6) L om0 nonlinearity. Towards single layer in laminates, in-situ strength is adopted.
Ol T =hor>
S5 S3 x(&6u) 2
Qi IP +ar P + eI + e, (I = 1, I >0 Stress-invariant based 3D failure criterion, the superscript “m” represents local stress of

Camanho et al.[°! ) .
a I3 +ar Iy + a5 + a5, ()" =1, Iy <0 the kink band.
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Table 4 Failure criteria for tensile matrix mode of unidirectional composites

Contributor(s) Expression of criterion

Model description

Jenkinl3?!
0'2/S+ =1,0,>0

Stowell et al.l>*) B

o'gm +0'§m +2(rim (rgm +02

(85755,

oM 1, 5,50

Mayes et al.l>?!

The model characterize tensile matrix failure dominated by stress o .

Micromechanical criterion including tensile and shear strengths of matrix, where the subscript

2
(Sem) “m” stands for matrix.

e ot al 56 Tt 1 - il g Micromechanical criterion including isotropic tensile strength of matrix, where the subscript
getal. + 5 @ =)+, =81,

2 2

'm” stands for matrix.
The criterion assumes that tensile matrix cracking is determined by the maximum principal

Hashin-Rotem criterion and/or LaRCO02 criterion, applicable to unidirectional laminates.

max + _ 2
Zhao et al.57] O—% =1, o = 279 (02 0_3) +02>0
2 2 4 . . .
S5 stress in transverse isotropic plane.
2 2
Hashin et al.*¥ (O——i) +(E) =1,0,>0
S5 Se
2
. I I y)
Hashinl* (—i) S+t =l oty >0
53 St S¢

53 L+ Vi

5
Cuntze et al. 257

2 2 2
2+3aE0
(‘r—:) +76§(”—") =1, 02>0
S3 2+3aEeS;\Se

:1,0'2>0

Chang et al.l*’] )
laminate.

o) E, 2 a6 2 Ez (r4
Liu et al.l*”] —+ — |+ :1
ueta 53 \2E ) \57) "\2E,
2 2 2 2
. E Ts Es o4
Liu et al.l67) I3 [ E3 ) (T5) [ E) (2% =
ueta 5t \265 ) \57) "\265 ) \57

Hou et al.[%] V' (oa\ o6\
— | +|l— ] +|{=—]) =1, 02>0
Patel et al.[%®] (Sf) (54) (56) :

o3 2 (o] 2 06 2
I+ 2) +[22) =1 0
(53] (5 o[se) =

2 2
(o) 2 06
a- g)—+g(sz) +(§) =1,02>0

ones.

Patel et al.[0%]

Davila et al.[”]

3D failure criterion towards unidirectional laminates, with St=S4, S =S5=S¢.

The model characterize tensile matrix failure dominated by stress o .

Towards laminates S¢ adopts in-situ shear strength of lamina, measured from cross-ply

NU criterion, predicting matrix failure dominated by transverse tensile stress.

NU criterion, predicting matrix failure dominated by through-thickness tensile stress.

Characterize tensile matrix cracking along 1-3 plane, where S4 adopts shear strength that

relates to matrix cracking. Yen[® replaced the stress components by corresponding strain

Characterize tensile matrix cracking along 1-2 plane. Yen!®! replaced the stress components

by corresponding strain ones.
LaRCO3 criterion, where g is a material constant. When used to laminates, in-situ strength of

lamina is adopted.

. 48] o 2 Azgoﬁ +(&6) LaRCO04 criterion, where g is a material constant. In-situ strength of lamina is adopted and
Pinho et al. (l—g)—+ +gl =+ — = 1,02,>0
S3 S3 X(€6u) shear nonlinearity is considered.
. 1 1 B L L Stress-invariant based failure criterion, do not distinguish tension and compression failure
Christensen!®"! T |kt Gttt =
S35 S8,  S; Sg modes.

Camanho et al.[o¢] el +amli+aih+a,3=1,5L>0

Similar to Hashin criterion, distinguish tension and compression failure modes, but owns

different strength coefficients.

2 2
. B
Daniel et al.?! SER k) =1
aniel et al S; S ZGH

2
Sun et al.[”] 22 (28 -4
57\,

NU criterion characterizing inter-fiber tensile failure, where E3 and G3 are elastic modulus

in 3-axis and shear modulus in 1-3 plane, respectively.

Similar to NU criterion, used to characterize transverse tensile failure of matrix.
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Table 5 Failure criteria for compressive matrix mode of unidirectional composites
Contributor(s) Expression of criterion Model description
Jenkinl®%! Maximum stress criterion predicting compressive matrix failure dominated by

Stowell et al.}3!

Mayes et al.’]

Huang et al.*®)
Zhao et al.’”)

Hashin[*!

Cuntze et al.>%
Chang et al.>*] (

Sun et al.l"%)

S5\ 2
2] -1 1—27+ Z - RS
287 5; Tasz sz s?

—02=85,02<0

2 2 2 2 2

Tomt T mt 20 | T5mtTm
T2, e 2
(S5 +(S3 )

2
(Sﬁm)
T1m +02m

B 2 A\ (@1m— U_Zm) +4U'6m = SIm

:1,0'2<0

. o+ 03 (0‘2*0’3)2
min 3 3 2
ormin — - — | +03;<0
55 m 2 2 4

b —1), b L+bT
Gi-bh, 7;” =1,02<0
S5 (S3)
o )2+ (S; )2 | +2+3aE60'é(o—6)2_
256 286 S5 2+43aEsS2\Se

o <0

(o) 2 g6 2
— | H—] =1 <0
(SE) (56—77(’2) 7

(Ir7l + nwn>)2

Davila et al.#7!

+ 1,012

(<|TL| + num)z 53

Pinho et al.[*

Hou et al.l%]
Christensen!®”!
Camanho et al.[%]

Daniel et al.[o!]

Liu et al.l*7]

Liu et al.1®7]

Hashin et al.[*Y

[<|TT| + o) [ (e + o ]2

+ 1,012>2-85
(ST TIT%) (SL nLtTn) ] 2
2
+ 1, 01 <=8,
(ST HTUn) (SL UL%) l ?
- 2
1{o> 2 o2 T6
- + -l —=+[=—] =1, 0
4(56) {(256) }57 (SG) 7=
! ! L+ I% + LE) + I
57 83)7 558y st s
arlz+asly+a5h+a5,5 =1, L <0
(&) +(&)(@) -
S5 53/ \Gis
o, Q2ﬂ2+ EY(a) _,
S; \Es s; Es)\S5)
a3 2+ E3 a5 + E; 20’42_1
S5 Gis)\s7) \Gus) \s5)
2
(%) 06
_= 2| =1
S5 +(56)
) =1,0,<0,03<0

2 2
() -(s
551 \s;

=1,01<=-5;

stress o0 .
Micromechanical criterion including compressive and shear strengths of matrix, with the

“m”

subscript “m” standing for matrix.
Micromechanical criterion including isotropic compressive strength of matrix,

with the subscript “m” standing for matrix.
Micromechanical criterion assuming that compressive matrix cracking is determined by the

minimum principal stress in transverse isotropic plane.

=1, 02 +03 <0 3D failure criterion towards unidirectional laminates, with St =S4, S. =S85=S¢.

This model predicting compressive matrix failure dominated by stress o .

" Shear nonlinearity is considered, and in-situ shear strength is adopted for S .

Friction-like coefficient 7 is introduced to characterize the negative effect of compressive
o5 on shear strength.

LaRCO3 criterion based on fracture plane assumption, where the effect of normal stress on

“m”

shear strength as well as fiber kinking are considered, with the superscript “m” standing for

local stress of the kink band. The in-situ strength is adopted for Sp .

“m?”

LaRC04 criterion improved from the LaRC03, with the superscript “m” standing for local

stress of the kink band. The in-situ strength is adopted for St .

This model is a simplified one of Chang criterion without considering shear nonlinearity.

Stress-invariant based failure criterion, do not distinguish tension and compression failure

modes.
Similar to Hashin criterion, distinguish tension and compression failure modes, but owns

different strength coefficients.

NU criterion predicting inter-fiber compressive failure.
NU criterion predicting matrix failure dominated by transverse compressive stress.

NU criterion predicting matrix failure dominated by through-thickness compressive stress.

Hashin-Rotem criterion for unidirectional laminates, predicting transverse compressive

failure of matrix.

Characterize bi-axial compression, transverse compression and through-thickness
compression failure, assuming that only matrix compression fracture occurs, and

considering the Coulomb friction mechanism.

Similar to NU criterion. Strength coefficient is modified by introducing transition point

2 2
Yenl® ( ik )+( e ):l,o’z<0
S4+1m0 Se+mo
04 2 a5 2
+ - =1,03<0
(S4+T730'3) (Ss+'l30'3) }
2 - Tran 2
N
Sun et al.[%] 22 ﬁ Zo) =1 T
55 Sy 55 ol

of failure envelop.
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Table 6 Failure criteria for fiber-matrix shear mode of unidirectional composites

Contributor(s) Expression of criterion Model description
. J6 . S . . . .
Jenkinl?! 5. = 1 Maximum stress criterion predicting fiber-matrix shear failure dominated by stress o .
6
T6 2 o 2
Hashin[*! (?) + (Sﬁ]r) =1 Characterize shear stress dominated fiber-matrix interface failure.
6 1

2 2
Chang et al.l”!! 2+ 30k ( 76

— | =1,01<0
2+3aEeS? Sa) :

2
)+
(5

Parameter S¢ adopts in-situ shear strength of lamina, which can be measured by symmetric

cross-ply laminate.
The criterion assumes that fiber-matrix shear cracking is determined by the maximum shear stress

Zhao et al.>”! o-g"“"/Sﬁ =1 o0 = \Jol+o? ) ) ]
) ) X in transverse isotropic plane.
13/ 2 bli+1 Characterize fiber-matrix shear failure dominated by stress o in terms of stress invariants
Cuntze et al.l*?! +2by 25 o
' T T hown in Eq. (20
o K shown in Eq. (20).
Daniel et al.l!! (g—s) ? # =1 NU criterion, predicting inter-fiber shear failure.
5 5 Es
L ot a7 (ﬁ)z . (2)2 . 261 o5 _ NU criterion, predicting shear failure dominated by in-plane shear stress, with E, and Gi» the
Se S4 E; Se elastic modulus of 2-axis and shear modulus in 1-2 plane.
2 2
. o o 2G;3 o . - N . . S
Liu et al.l*7] (S—i) + (—4) + == 1 S3 =1 Modified NU criterion, predicting inter-fiber shear failure along through-thickness direction.
5 4 3 Ss

Sun et al.[%]

(5 Y - |-

Similar to NU criterion. Strength coefficient is modified by introducing transition points o5

and 7™ of failure envelop.
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et FH DASRAIE AR 225065 5 2000 B2 PRI §2 . Sun £506%)
5T Puck HHif, 5] N RBE L F AT AL, A NU ‘/E
MEAT 7284, 25 T — 22 1) 2R 250 il v ). 3

(X 73 2k A 21 2 25 9, EEE*&E‘J‘/EP%%EW;%
PR T N, IR0 2 A WA 7.
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Table 7 Failure criteria for delamination

Contributor(s) Expression of criterion

Model description

72 25t 242282
Leel™ 03=83, 03 +0g =5}

Ochoa et al.l”?]

Soni et al.[™4

4 Ss
g 2 a. 2 g 2
Brewer et al.””! (J) +(;‘) +(J) =1
S3 4 5
R
S3 \S4 >\ S3 4
2 2

Tong!"”)

o1-oios (o Y
e.T+ ST +— =1
1°1 3 4
f: O—%_O—IO—S-*— T3 )28 2—1
TStSy St)\S4)

2
o3 0405

Christensen et al.[’®] —=
53782

Modified maximum stress criterion for delamination initiation.

Delamination initiation criterion based on out-of-plane stresses for laminates.

The model considers the effect of interlayer normal stress on the inhibition or

promotion of delamination damage.
In the model, S5 is interlayer tensile or compressive strength, S4 and Ss are

interlayer shear strengths.

These two interactive stress criteria are proposed based on experimental data.

The six independent delamination initiation criteria are proposed on the basis of
Azzi-Tsai model"'l and Norris model!?®], which can be selected and used

according to material and structure of laminates.

An out-of-plane delamination failure criterion based on stress invariants for

quasi-isotropic laminates.
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Contributor(s) Expression of criterion Model description
Zubillaga et al 7 (2)2 . (2)2 . (E)Z L0 T 0206 Plane stress criterion relating to the energy release rate of matrix crack, with
Su S» S 66 S12 S16 Sa6 S;; the strength coefficients.

(oY oy 2 os .
[64] -
Yen (S; ) +(S4+ﬂ<—<fs>) +(55+77(—O'3>) !

_ _ 2
Xiao et al.[8!) ((03>)2+( o4 )2+( o5 )2+[<°'3/53 ’ﬁ>] -1

S Sq+n(-03) Ss+n(-03) 1-p

(3)\" (o4\" (o5
[82] e i
Goyal et al. (S; ) +(S4) +(S5)
2 2 2
a:(o?) +((rf)(E3) -1
s7) "\s5) \Gn

75\, 503G
Ss Ss Ex

c-ﬁ+ ﬁz Es 2—l
"5t \sy)\2Gis)

1

Daniel et al.[°!] b: ( =1

The model considers the strengthening effect of normal pressure on interlaminar
shear property, and is mainly used to simulate impact delamination damage of

laminates.
The transition parameter § is introduced to improve the Yen criterion(*], and

the prediction curve is more reasonable and closer to experimental data.

A phenomenological criterion with « the fitting parameter.

A model distinguishing failure modes:
(a) failure dominated by out-of-plane compression;
(b) failure dominated by interlaminar shear;

(c) failure dominated by out-of-plane tension.
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