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FAILURE CRITERIA FOR AN INDIVIDUAL LAYER OF A FIBRE REINFORCED
COMPOSITE LAMINATE UNDER IN-PLANE LOADING

1. NOTATION
E., E, modulus of elasticity in 1- and 2-directions respectively (see N/m? Ibf/in?
1 1
Sketchl.1), E, = =— andE2 = -
Si1 S22
G shear modulus@,, = — N/m? Ibf/in?
12 12
Se6
> . ,
a Q allowable shear stress of layer in 12-plane (see SKeifh N/m? Ibf/in?
wl
2
c Siv Sy [
S 101 Soqp E compliances of layer material (see Item No. 94DQ3ote that m2/N in%/Ibf
3 Se6 0 S12= )
S O
(%]
+ . . . . . .92
S X allowable direct stress in fibre direction N'm  Ibffin
3 Y allowable direct stress normal to fibre (in-plane) N/m? Ibf/in?
g
- € strain
©
E) €q allowable shear strain in 12-plane (see Skétih
©
S
= €y allowable direct strain in fibre direction
20
§ &y allowable direct strain normal to fibre (in-plane)
o
8 0 stress off-set angle measured from 1-axis degree degree
(%]
wl
vy longitudinal Poisson’s ratio, ratio of transverse (in-plane) strain
to longitudinal (fibre direction) strain due to an applied
longitudinal direct stress
L. S
L = =
Sip
v, transverse Poisson’s ratio, ratio of longitudinal strain to
transverse strain due to an applied transverse direct stress
T
, = -
Sp2
o stress N/m? Ibf/in?

For footnote see end of Notation
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direct stress in fibre direction
direct stress normal to fibre (in-plane)
shear stress in 12-plane

coordinate notation (see Sketth)

compression
tension

refer to coordinate system (see Sketch)

Data Item No. 94003 “Stiffnesses of laminated flat plates”.

Other special notation is identified where used.

N/m Ibf/in?
N/m? Ibf/in?
N/m? Ibf/in?

Stress and strain tensile stresses and strains are positive, compressive stresses and strains are
convention:

negative, allowable stress¥sY andQ (tensile and compressive) are positive.
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Sketch 1.1 Coordinate system
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2.1

2.2

9y

Sketch 1.2 Stress system aligned with principal (fibre) axis of orthotropy for individual layer in
plane stress

INTRODUCTION
General

Failure criteria for an individual unidirectional fibre reinforced layer of a composite laminate under in-plane
loading are presented in tabular form. Notes on the application of the criteria, their limitations and the tests
required for use of the criteria are also given. The strength criteria considered here are macromechanica
values based on the average stresses or strains in an individual layer. These criteria may be used to asse
the strength of a layer subjected to combined in-plane loading from standardised strength data obtainec
from tests appropriate to the particular materials and criterion used.

Application to Multilayer Laminates

The single layer criteria considered here may be incorporated in step-by-step analyses of the whole laminat
and therefore, once the requisite strength data have been obtained, offer flexibility in lay-up design. Other
criteria that consider the laminate as a whole usually require data for each lay-up configuration as well as
for the layer material.

CHOICE OF CRITERIA

There are many different approaches to the strength assessment of an anisotropic laminate under combine
loading and therefore many different failure criteria have been developed. Each criterion has been supportec
by experiment to some extent but none may be applied universally with complete confidence. This is due
to the complex stress interactions within the wide range of fibore and matrix material combinations and
laminate lay-up configurations available. The choice of criterion will usually be based on what strength
data are available or can be readily obtained. This Item will assist the user to choose that which most suits
his requirements.

In Section4 a number of criteria are listed for the strength assessment of an individual fibre reinforced
composite layer under in-plane loading, for which a condition of plane stress is assumed to prevail as is
shown in Sketcli.2. The criteria presented have been selected on the following bases.
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(1) representation of each of the types of criterion that are is available,
(2) frequency of use (that is popularity)

and (3) apparent accuracy.

TYPES OF FAILURE CRITERIA

Eight failure criteria for single fibre reinforced composite layers under in-plane loading have been selected
on the above bases. These are listed in Pabknd are described individually in Secti@t® 11. Further
examples of the criteria that are available are given in Appéhndix

The criteria given in Tablé.1 are grouped into three main types:

1 criteria each comprising a number of independent conditions,

2 criteria each comprising a number of independent and interactive conditions
and 3 criteria each comprising a number of fully interactive conditions.

Each criterion relates to a single orthotropic layer in plane stvgss 0, = 05 = 0 ). The simpler criteria
given in Tabled.1, types 1a, 1b, 2b, 2c and 3a, have been derived on this assumption. Types 2a, 3b and 3c
are simplified versions of criteria which have been formulated with a full (three-dimensional) laminate in
mind. Only type 2a is based on an assessment of the detailed failure mechanisms of the layer, althoug|
criteria 2b, 2c and 3c do consider the fibre-matrix structure of the layer. Notes on the tests used to establist
the allowable stresses required for use of the criteria are given in SEttion

The coordinate system that is used for the criteria is presented in SKetched1.2 Sketch.1shows

a three-dimensional surface representing a failure criterion that is a funotipn@§  ,05 and . The criteria
are given in a form that assumes an applied stress system aligned with the principal axes of orthotropy a:
shown in Sketch.2. Stresses applied atan an@le tothe principal axes of orthotropy should be transformed
as illustrated in Data Item No. 94003.
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TABLE 4.1 FAILURE CRITERIA

See
Type Criterion Critical conditions Notgs Derivation
Section
No.
1. Independent(a) Maximum o, = X or —X, 5 13 20, 23,
conditions stress 26
oro, = Y, or=Y,
orjogl = Q
(b) Maximum €, = €o.0r—=¢ 6 13 15, 20,
_ strain v Xe 22, 23,26
o) Ore, = &y Or—€y,
[a
% orgg| = £q
@
= 2. Independent(a) Grant- o, = X, or=X, plus tension/shear and 7 30 31, 32
o — partly Sanders B compression/shear
= interactive Or€m1 Or€mo = €qnc  interaction formulae
2 or‘oG\ = Q; orQ,,
3 (b) Puck G, = X, or—X, 8 |7 1622
>
(O]
w OyO OO
= (c) Puck G, = X, or-X, 8 |2122
] modified )
€ o 2
= 2 , oot _ 1o, ifeg
or—— +0 - =L+ =1
ED YiYe ZDYt YcD HQH
> -
o -
St 3. Fully (a) Tsai-Hill 2 0.0 2 2 9 1,5,13 15,
O
= interactive E%lg - 122 + E]GVZ% + 5&’% =1 16, 17, 20,
@ X Q 22
(b) Tsai-Wu 2 2 2 _ 10 9 13 14,
A1107 +2A15010, + Axy05 + Agg0g + B0 +By0, = 1 15, 20, 22
23, 26, 27
(c) Puppo- 2 0,0 2 2 11 |111316
OxO ~*yx y  “OyOD " 0OQO
ofat Y019 (Pt Pef _
(prD (pxx y OyO 0OQO ~
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Sketch 4.1 Form of the failure surface for an orthotropic layer under in-plane stress

5. MAXIMUM STRESS CRITERION

ESDU Copyright material. For current status contact ESDU.

In this criterion layer failure is judged to occur when any one of the three stegsses g5 or reaches
the allowable value.

o, = X, or _XCE
or o, = Y, or —YCE (5.1)
[l
or ol = Q. O
Figurel illustrates the effect of an applied direct stregs at an &hgle to the 1-axis and presents test

results for comparison. It can be seen that the critical stress is different for different angles of the applied
stress. The discontinuities in the curves occur because interaction between the stresses is not considerec
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6. MAXIMUM STRAIN CRITERION

This criterion is applied in the same way as the maximum stress criterion, failure being assumed to occur
when any one of the three strams, €, agd reaches the allowable value.

€] = &y OF —sXCD
or €5 = &y OF —sYCE (6.1)
or €| = £q - E

0, —V.0, = Xt or —XCE
or 0, —V,0, = Yt or —YC E (6.2)
or \0 \ = Q E
6 : 0
Figure2 illustrates the effect of changing the angle of an applied Sheess to the principal material axis

and compares the criterion with test results. Sk@&tthompares the stress failure envelope forms for the
maximum stress and strain criteria. :

Example data : X, = 06X,
(og =0) Y, = 01X,

ESDU Copyright material. For current status contact ESDU.

E Y|c=0'2)(t
X¢ v, =03
0-4- - 0.
v, 0|
| 0-2 €2 :EbkA/
ii__h ______:7__4;::_’“_—_______7_
e o2 =Y,
-08 J -0'4 -02 O 02 04 06
€ =€, / I ezi&}f/,,
—_— +**————_:;,*‘4—- —————————— —_—
- o-2=—Y7
r\"'l:_xc
_0.41,

Sketch 6.1 Stress envelopes for maximum stress and strain criteria
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7. GRANT-SANDERS CRITERION
This method uses a number of separate criteria, some simple and others involving interaction between stres
and strain components, to assess the possibility of failure in each of the distinct modes identified by a study
of individual layers in multilayer laminates.

For single layers, the simple criteria are:

o, = X or=X_0
1 t C E g
€mi OF €m0 = € m (7.1)
[l
06 = Q o Qp
j . .
= where Q¢ s shear strength across fibres,
':'_,: Qm is matrix material shear strength parallel to fibres,
g €m1 IS matrix material direct strain in fibre direction,
3 €mnp IS matrix material direct strain normal to fibres (in-plane)
(%2}
% and €m is equivalent allowable matrix material direct strain given by the maximum matrix
E material tensile stress divided by the material modulus of elasticity.
=
(O]
g For combined tension and shear:
(O]
)
b Oeg 7 O OF
= O—0 +0-0 = 1, (7.2)
q:) D(:md] D“':mD
©
E wheree =g, ore, and, isthe matrix allowable shear strain (at spges
49
20
% For combined compression and sheay negative):
(@]
2 o O
o)
= Lo 1o (7.3)
L KQm Xc

whereK is a factor determined by experiment (Deriva@t usuallyK=1.5 .

This method requires more parameters to be determined by testing than the others presented in this Iten
This extensive testing is only relevant and justifiable when the method is used, as itis intended, for assessin(
failure in multidirectional laminates. The method is included here to illustrate the relative complexity of
failure criteria that are based on distinct observed failure modes.
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8. PUCK CRITERION
8.1 Simple Criterion

This criterion is derived from the assumption that fibre (longitudinal) failures are determimgd by and
matrix failures are determined ko,  aag

o, = Xt or —Xc

or
o, Pof’ - |

OyO ~ 0QC

(8.1)

I |

In the second expressidfshould be replaced b or Y, according to the sign af,
8.2 Modified Criterion

When using the Puck criterion it has been found that where there are great differences between the tensil
and compressive strengths of the material a more satisfactory fit to experimental data can be obtained by
taking a single ellipse through the failure point¥ofY, and Q(Derivations21 and22).

Hence the modified criterion:
0, = Xt or —XC
2
0,

2
% ol 1p, Pef _ |
or +0 - + = 1. 8.2):

YiYe 2 Ov, Y0 HQU ( );:'

This criterion combines simple computation with simple testing while allowing interaction of stresses in
both tension and compression, although it allows fewer interactions than the Tsai-Wu criterion and is less
flexible than the Puppo-Evensen criterion. In Figraead7 the failure envelopes for these criteria when

0g = 0 ando, = 0, respectively, are compared to those for the Tsai-Hill, Tsai-Wu and Puppo-Evensen
criteria.

ESDU Copyright material. For current status contact ESDU.

9. TSAI-HILL CRITERION

This criterion is developed from the more general Hill yield criterion for anisotropic materials
(Derivationl). For a single homogeneous orthotropic layer in plane stress the criterion becomes

2 2 2
Pa %1% (P, Perf _ 9.1)
Ox0 ~ 2 "Oy0 " Qo ’ :

whereX should be replaced st or X, andY should be replaced by or Y, according to the signs af;
andg, respectively.

Unlike the previous criteria this is a single expression producing an ellipsoidal (three-dimensional) failure
surface. In Figuré this criterion is shown as a failure envelope indhe o, , plane. Curves are given
for various values of the direct strengthratfo ¥ / ). The curves are obtained by rearranging Egjdation
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