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characteristic length is the thickness of the elementary

ABSTRACT

ply H/. In this approach, one assumes that the behavior
One computational approach for studying damage in

of any laminated composite can be constructed usifig

laminated composites is the damage mesomodel for

two

laminates (DML) which has been developed for more

media: the single layer 111 and the interface /3,4/. The

elementary

constituents

which

are

continuous

than

LMT-Cachan.

single layer takes into account diffuse damage (quasi-

Recently, we introduced micro-meso relations which

homogeneous debonding of fiber/matrix interfaces),

prove that this mesomodel is compatible with classical

transverse

micromechanical analysis and, therefore, can be viewed

(debonding of the interlaminar interface near the tip of

as a homogenized version of classical theories on the

each transverse microcrack). The interface is a surface

fifteen

years,

particularly

at

microcracking

and

local

delamination

microscale. An enhanced damage mesomodel which

entity which provides for the transfer of strains and

includes the description of microcracking under static

stresses between plies.

loading, compatible with classical micromechanics, was

Recent works using "virtual material testing" /6,7,8/

developed with this approach. Here, we develop an

proved that the DML can be viewed as a homogenized

alternative model of microcracking under fatigue. No

version

specific damage

/15,16,27/. The guiding principle is that for each

law

for fatigue microcracking

is

of

classical

microdegradation

schemes

introduced. We assume that diffuse damage alone is

mesoconstituent the relations between microquantities

involved and that its evolution leads to a decrease in the

(e.g. microcracking rates, energy release rates, ...) and

critical microcracking energy release rate, which can be

mesoquantities (damage indicators and damage forces)

taken into account on the mesoscale thanks to the

are approximately independent of the stacking (sequence
in which the mesoconstituent is present. Consequently,

micro-meso relations.

there exist intrinsic operators (i.e. operators which
depend only on the mesoconstituent being considered)
Keywords:

Damage,

laminates,

fatigue,

which for any state of degradation link the solutions on
the two scales.

micromechanics, mesomechanics, cracking

Now, it should be possible to design improved
computational tools for damage analysis. First, thanks to
that link, it is possible to build a damage mesomodel for

1. INTRODUCTION

laminates which relies extensively on micromechanics
One of the computational approaches applicable to

concepts. Quantities that have a strong meaning on the

laminated composites is based on what we call a

microscale (such as the critical energy release rate) can

Damage Mesomodel

also be interpreted

for Laminates (DML),

whose

in the meso degradation

law.
71

Micromechanics-Based Damage Mesomodel for
CFRP Laminates under Thermomechanical Cyclic Loading

Vol. 12. Nos. 1-2, 2005

Consequently, this micro-meso link may be a means of

calculated

introducing

considerations. This model, like enhanced

modifications in the properties due

to

on

the

mesoscale

using

micro-meso
classical

mechanisms occurring on the very fine scale into the

micromechanical

calculation of the structure.

between crack initiation and crack propagation and

models

/18,19,20/,

distinguishes

The objective of this paper is to take advantage of

makes no a priori assumption on the uniformity of the

these micro-meso relationships in order to develop an

cracking rate within the sample. Here, the main point

alternative model of the evolution of the degradation

consists

(especially

transverse

microcracking)

during

in

identifying, based

on

static

tests,

the

cyclic

coupling between the microcracking law and the level

loading. The multiplication of transverse microcracking

of diffuse damage, especially concerning the decrease in

due to fatigue has been extensively studied on the

the critical energy release rate due to fiber/matrix

microscale

debonding. This identification is presented and the

/11-14,26,28,29/.

In

most

of

these

micromechanical studies, microcracking was studied as

results are compared with experimental data on cross-

if it were the only mechanism (or, at least, the first to

ply laminates.

appear). Specific degradation laws were described, often

The third section details our interpretation of the

based on a modified Paris equation. Because of that, the

evolution of the mechanisms under cyclic loading. A

micromechanics of microcracking under static loading

first identification of the evolution of diffuse damage

and

under

important

fatigue
concept

loading
of

are

critical

incompatible.
energy

release

The

induced by such an approach is presented and the results

rate

are compared with the experimental results of /26/ on

introduced in static micromechanical studies disappears
from the description of fatigue.

IM7/977-3 cross-ply laminates.
Finally,

Section

4

presents

and

discusses

the

Contrary to classical micromechanics analysis, the

conclusions of this study, and gives a brief description

first form of damage to appear in the D M L is diffuse

of the key points that must be dealt with in the near

damage. It is essential to take this damage into account,

future.

especially under high shear loading in which significant
damage

may

occur

while

no

transverse

crack

is

observed /23/. Our interpretation is that this initial
degradation mechanism affects the critical tenacity with

2. THE CLASSICAL DAMAGE MESOMODEL
FOR LAMINATES

respect to transverse microcracking. The higher the
level of diffuse damage, the lower the critical energy
release rate for transverse cracking. Based on this point

2.1. A short review of the concept of the DML
The very first description of the DML can be found

of view, there is no need to introduce a specific law for

in III.

microcracking under cyclic loading. One considers that

assumptions.

diffuse damage

alone

is affected by fatigue.

This

mesomodel

is based

on

two

major

For

The first assumption is that the behavior of any

microcracking, the static law is still assumed to be valid.

laminated structure can be determined from that of two

Microcracking occurs as a consequence of the decrease

types of elementary

in the critical energy release rate induced by the

separated by interlaminar interfaces /3,4/ which ensure

development of diffuse damage. This interpretation,

traction and displacement transfer from one layer to the

which was introduced in /25/, will be detailed further in

next (Fig. 1(a)). The corresponding two models, the

this paper.

single layer model and the interface model, are assumed

In the first section, we review the basic concept of
the DML, and the classical description of damage and of
its evolution used for diffuse damage.

constituents:

single layers 121

to be valid for any stacking sequence and for any
loading.
Let us note that in the DML a thick single layer is

The second section deals with the description of the

used to model adjacent plies with the same orientation.

transverse cracking model under static loading. This

Consequently, one does not introduce [0°/0°] interfaces

model is based on micromechanics, but it can be

(Fig. 1(b)).
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fÜ~| j Stacking seqwnce""]

| Mesoconstituents ~|

throughout the thickness of each single layer (but not
throughout the composite) 151.
We will assume from here on that the interfaces
between adjacent single layers are perfect, and focus on
the damage mechanisms within the single layer alone.

2.2. The classical damage evolution law for
diffuse damage
The
Fig. I:

[a] model of a stacking sequence on the
mesoscale [b] example of mesodecomposition
for a [0/90 2 /0] cross-ply laminate

Then,

the

level

of

classical

evolution

of

DML

damage

describes
associated

the

progressive

with

fiber/matrix

debonding within the single layer. Let 1 denote the
fiber's direction, 2 the in-plane transverse direction and
3 the out-of-plane transverse direction.

degradation

of

each

mesoconstituent is quantified by damage indicators,
which can be related to the loss of stiffness. The second
major assumption is that the state of damage is uniform

Classically,

diffuse

damage

induces

transverse

damage, noted d' (assumed to be the same in directions
2 and 3), and shear damage, noted d (assumed to be the
same for shear 1-2 and shear 1-3). In that case, the mean
strain energy density of the single layer can be written
as:

u l * n rO
1 \w I -i

1^22 ~ I El Ej? J iTViiJ^ ÜL+ÜIL
ro r o

2

r

rpd

-2;

(-022)1

(<*22)l ,
i(l-rf')

(

4'

(1)

2
2
1 'Λ12 , ση
/-.Ο ^.ο
1
(l-rf) .°12
13

represent the coefficients of the

This law can be identified through traction tests, in

healthy material, the positive part operator and the mean

which only diffuse damage develops because transverse

value throughout the thickness respectively.

microcracking occurs relatively late. In this previous

where

, (·)+ ,

C 2 3 is

related to the state of damage and to the coefficients of

form

the healthy material, so that the behavior

microcracking was modeled in the form of thresholds on

remains

of

damage

mesomodel

for

laminates,

the damage forces; beyond these thresholds, damage

transverse isotropic for that kind of damage.
Classically, one expresses the evolution of damage

was

set

equal

microcracking

as a function of the damage forces:

to
is

1. Since
assumed

evolution of diffuse damage,

to

in

this approach

develop

during

no
the

is the true stress within

the layer.
d = sup
T<t

Jy,
-2

σ

Yd

-2
σ

12

13

~ 2 G ^ ( \ - d ) 2 ' 2C 1 0 3 (l-J) 2 '
(^22)+

(^33)

24 ( 1 - i f

2*°

M

3. THE ENHANCED DAMAGE MESOMODEL
UNDER QUASI-STATIC LOADING
The DML described above, although it makes the

Y

d·

(2)

f

calculation

of

complex

structures

possible,

is
73
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nevertheless a phenomenological model; its weakness is

the fibers (Fig. 2(a)). These cracks can run completely

the

would

across the width of the sample (as in the cases of static

increase the confidence in the model and, in the long

tension tests /9/ or cyclic tests /10,11/ on samples with

term, simplify the identification procedure.

thick plies) or propagate partially from the edge to the

lack

of

a micromechanical

Therefore,

a

bridge

basis which

between

the

micro

core (as in the cases of static tension tests or cyclic tests

and

on samples with thin plies /12,13,14/).

mesomechanics, called the micro-meso relations, was
developed

in

main

A classical assumption on the microscale is that the

transverse

microcracking pattern is quasi-periodic along direction

microcracking, which can be a critical issue. The idea,

2 in each plane π(2 - 3) xl (Fig. 2(b)). Thus, the study of

which is quite simple, was to seek intrinsic relations

the complete sample can be limited to the calculation of

between the description of the degradation (especially

its cross section (Fig. 3(a)).

purpose of

previous

improving

works

/6,7,8/ for

the description

of

the

transverse microcracking) and its evolutions on the
micro- and mesoscale.

If such relations do exist, it

should be possible to define the D M L as a systematic
homogenization

of

micromechanical

schemes.

The

expected result is a computational model for laminates
on the mesoscale, based on trusted micromechanical
concepts

and

a small

number of

meaningful

basic

material quantities.

3.1. The description of the microcracking state
Here,

in

specifically

order
on

to

the

clarify

study

of

our

point,

diffuse

we

focus

damage

and

transverse microcracking in straight cross-ply laminates,
but the concepts presented are valid for any stacking

cross-ply

sequence.

microcracks at a distance x l from the edge.

laminate

[b]

Counting

plane

for

The coalescence o f fiber/matrix debonding in the
central ply leads to a pattern o f microcracks parallel to

0

0

Ξ

microcracking rate ρ

microcracking rate ρ
">. Ε Ϊ Ε Π ρ

0° S.L.
90° S.L.
0° S.L.
width o f the sample

width o f the sample

Fig. 3:

a

distribution

of

the

• xl

width o f the sample

Microcracking evolution on a cross section

The local level o f transverse cracking is then defined
by

m L ·

xl

microcracking

rate

along

direction 1 (Fig. 3 ( b ) ) defined by:

where

is the mean spacing between cracks in

plane

π-<2-

micro

considerations

at lateral position
which

will

xl. According to
be

detailed

in a

forthcoming publication, we adopt a piecewise uniform
,(x.) =

74

A90

Τΰϊ)

(3)

representation of the microcracking in zones o f length I
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equal to the thickness of the ply being studied (i.e., in

on the complete cross section, would enable one to

the special case discussed here,

describe partial cracks and account

I = Λ90) (Fig. 3(c)).

Thus, the amount of cracking along the section is

for the

major

incidence of the edge effect in the cracking process. For

quantified by a set of values />(/), where (i) denotes a

simplicity's sake, the model can be summarized in the

given zone with a uniform microcracking rate.

following form:
•

3.2. The microcracking evolution law
The first important question is to determine which
scale the variable ρ is associated with. In the above
description of microcracking, the microcracking rate is

Damage evolution law for initiation in zone (i):
I
,αΝΤ
a
a
a

<4(0

A'(0.

observations.

Nevertheless,

since

our

previous works proved that the link between the micro

< 4 (0

o'c'U

öfO)

> 1;

>0

(4)

Damage evolution law for propagation in zone (i):
l

still a micro variable which can be related directly to
experimental

<4(0

<

G

'pro( 0

0'c

properties (expressed in terms of the microcracking

(0

o

ö

c

.III
pro (0

(0

J

(0

>l;p(,)>0(5)

δ*(ή

rate) and the meso properties (expressed in terms of
damage mechanics) is intrinsic 16,111, ρ can be used
directly as a mesovariable. Similarly, the micro laws
based

on

fracture

mechanics

concepts /15,16/ can

actually be viewed as meso evolution laws, as long as

G

Li'Gini'Gini

with the initiation of transverse microcracking in zone
(i) and depend on the local microcracking state in zone

are

(i) alone.

approximately independent of the stacking sequence.

associated

one

can

prove

that

the

energy

release

rates

release rates associated

energy

are

θ' ρ Γ Ο ,θ" Γ Ο ,θ'" Γ Ο
with

the

are energy

propagation

release
of

rates

transverse

This is the reason why the damage evolution law on the

microcracking from the zones (i-1) and (i+1) nearest to

mesoscale we chose here is expressed directly in the

zone (i). Therefore, they depend not only on the local

form of a link between

microcracking

ρ and

C (the transverse

microcracking energy release rate), which are legitimate
mesoquantities thanks to the conclusions from /6,17/.
In most classical analyses,

ρ is assumed to be

constant throughout the width of the laminate. This
hypothesis is legitimate only in the case where the
microcracks go completely from one edge to the other.
Nevertheless,
loading

of

it
thin

is well-known
plies

or

in

that

in

fatigue

quasi-static
loading

the

propagation of initiated cracks is not unstable and that a
complex microcracking pattern can be observed (Fig.

rate

but

p{i),

microcracking rates

/?(»-l)

also on

and

the

nearest

p ( i +1). It is very

important to understand that these functions can be
calculated directly from micromechanical analysis (in
our case, using finite elements /6/) and are intrinsic to
the ply being considered (for a given ply and a given
state of damage, these functions are independent of the
stacking sequence in which the ply participates.)
For example, in the case of initiation in pure Mode-I
loading, c j n i can be written as:

3). The model used here distinguishes between crack
initiation and crack propagation, taking into account
classical works in micromechanics /18,19,20,21/. The

d'(2 λ p(i))-d·(λ

/<
— ι
•'mi ~ „ J {"22 )
2

Μ

p(i))

0

(6)

precise description of that aspect of the model is not the
in a

where σ 2 2 is the effective stress (the stress within the

companion paper. Even if, in the examples presented in

laminate affected only by diffuse damage), E 2 is the

the rest of the paper, the microcracking rates are found

transverse modulus affected by diffuse damage, and d'

to be constant throughout the width (because one is

is the equivalent mesodamage associated with a given

dealing with rather thick laminates), one can expect that

level of microcracking. (It has already been proven that

this distinction

the relation 1' <=> ρ is intrinsic, and the same is true of

subject of this paper and will be discussed

between

initiation

and

propagation,

associated with a finite element resolution of the model

the

relation

Gini»p.)

μ

and

λ

are

constant

75

Micromechanics-Based Damage Mesomodel for
CFRP Laminates under Thermomechanical Cyclic Loading

Vol. 12, Nos. 1-2, 2005

parameters, deduced from micromechanical

analysis,

Ir

05

which quantify the effect of the ply's thickness and the

0J1

imperfect periodicity of the crack pattern respectively.

0.7

The key point is that here, contrary to classical

OA

<
>
•
Ο

0/902/0
03/906/03
0/904/0
0/908/0

OS

degradation

schemes

in

which

microcracking

is

OA

considered alone as the dominant mechanism, a strong

0J

and direct coupling is introduced between transverse

02

damage,

micromechanical

although

neglected

analysis,

is

always

in

100

classical
the

first

ο
ο

_ cP

0.1

microcracking and diffuse damage. Let us recall that
diffuse

Ο
ο

ο
ΟΟ
200 J00

*

* *

> <

Ik ίΑη"
600 700

800

900 1000 1100

Mean longitudinal stress (F/S) (Mpa)

Fig. 4:

degradation mechanism to occur before (and continue

Microcracking rate on the edge vs. the mean
longitudinal stress

during) transverse microcracking /22,23/. This coupling
appears mainly in terms of the critical values. Indeed,
since

the

progressive

degradation

of

Using these experimental results and, for a coarse

fiber/matrix

first identification, the classical theory of laminates, the

interfaces is quantified by diffuse damage indicators,

evolution of the critical energy release rate can now be

one can expect that the generalization of this debonding

plotted for each laminate. In our case, the cracks opened

leads to a reduced tenacity for transverse microcracking.

mainly in Mode-I, so relation (6) can be used directly.

For each mode, this reduced critical energy release rate
is denoted

GJC and is less than the tenacity of the

healthy material

G® J . On first approximation,

In that relation, λ, μ and (<7'<=> p) are known from
micromechanical

analysis.

(Classically,

micro-

this

mechanical stochastic analysis yields λ equal to 1.5, μ

modification is assumed to be the same for each mode,

is equal to the ply's thickness for thin plies and to a
fixed

so that:

critical

thickness

for

thick

plies,

and

the

construction of the <*'<=> ρ law can be found in 161.)
Moreover, for a given load level and microcracking rate,
the diffuse damage state can be predicted using relations
(1) and (2). Currently, in order to do that, one has to
assume that the evolution of diffuse damage is also
determined

3.3. Identification of the coupling φ between
transverse microcracking and diffuse damage
In order to achieve a first identification of

φ,

tension tests were conducted on four IM7/977-2 carbonepoxy cross-ply laminates. For each sample, the mean
global

axial

load

was

measured

and

the

assumption,

by

the

effective stress

expression

(6)

can

σ.
be

With

that

calculated

completely.
The identified evolution of the critical energy release
rate vs. the calculated level of transverse diffuse damage
is plotted in Fig. 5.
One can observe that the critical value is not exactly

mean

a constant; two regimes can be clearly distinguished: an

microcracking rate was determined by counting the

initial increase followed by the expected decrease in

cracks at the edges of the specimen via in-situ optical

tenacity. The decreasing zone, which must be related to

observation. These experimental results are summarized

the expected influence of the evolution of

in

mean

debonding on the tenacity, can be used to identify φ .

microcracking rate is plotted vs. the mean longitudinal

The function φ retained, chosen of the simplest form

stress.

compatible with the results of Fig. 5, is plotted in Fig. 6.
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G c , O c ., U111
c

>φ{ά·)·φ{ρ)

(8)

>

0.25

1«
a

r-I. r·" . r·1"
"c» °e ' c

<J 0/902/0
03/906/03
• 0/904/0
0 0/908/0

Materials

02 gfei-J

jj:

U

I"
;SnNBraSBS5il

s

PIWÜMBUgg
iilsliliiiilsii

0J

i
•c

υ

Zone of decreasing critical
energy release rate
vs. diffuse damage

ι Si
0.05

0

π

BBB«H«iaS&
0.05

0J

0.15

02

0.25

03

0.35

(

Level of transverse diffuse damage

Fig. 5: Evolution of the critical energy release rate
during loading for the samples of Fig. 4. Large
symbols correspond to an associated value of
ρ greater than 0.3, and small symbols to an
associated value of ρ less than 0.3.

0.25
0.5
0.75
Microcracking rate ρ

Fig. 7: Modification of the critical energy release rate
due to large initial defects.

3.4. Comparison with experimental results for
quasi-static loading
The enhanced model described in Section 3 was
used to simulate the evolution of damage in the samples
of Fig. 4. Each calculation in cross sections was made
using finite elements under generalized plane strains
conditions, as described in Fig. 3. The comparison of
the calculated microcracking rate throughout the section
with the measured mean microcracking rate at the edges
is shown in Fig. 8 and Fig. 9. For each sample, the
loading was a combination of longitudinal mechanical

0

0. 1
0. 2
0. 3
0. 4
0. 5
Transverse diffuse d a m a g e level

Fig. 6: The identified function φ .

loading and an initial cooling due to the process set to
ΑΓ = -100°C.

Remark: The increasing dashed zone in Fig. 5 (for
which all the associated experimental microcracking
rates are less than 0.3) must be related to a different
phenomenon, i.e. the existence of large defects within
the material. Because of that phenomenon, the very first
cracks form preferentially in zones of relatively small
tenacity. If needed, one can take this into account by
expressing that the critical energy release rate is
modified during the loading due to both the propagation
of diffuse damage and, at the beginning, the existence of
large initial defects. This identification leads us to
use for the critical energy release rate the following
description, with the identified φ plotted in Fig. 7:

Mean longitudinal stress (Mpa)

Lateral position (mm)

Fig. 8: Comparison of calculated microcracking rates
and experimental observations on the edge
(represented by symbols) for a [O^VO·,]
laminate.
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contribution, in the general case, the growth rate should
be an intrinsic function of the associated forces, of the
current level of d i f f u s e damage and of the number of
cycles N, i.e.:
dd f

,

Mean longitudinal stress (Mpa)

Fig. 9:

Lateral position (mm)

_ _ %

= AVd'Yd"d>d'>N)

- ^

'

d

(10)

'f=Wf

w h e r e A is an intrinsic operator independent of the

Comparison of calculated microcracking rates

thickness of the ply and the stacking sequence. An

and

example of such a law can be found in /24/.

experimental

(represented

by

observations on the
symbols)

for

a

edge

[0/90g/0]

laminate.

In

our

interpretation

presented

in

/25/,

diffuse

d a m a g e alone is influenced by fatigue. Indeed,

the

propagation of this mechanism through fatigue is the
Thus,

the

experimental

enhanced

observations

model

reproduced

under quasi-static

the

loading

quite well. Moreover, one can see that for these samples
the

calculated

throughout

the

microcracking

rate

cross

which

section,

was
is

constant
in

good

agreement with the experimental observation that in
cross-ply

laminates

with

thick

90-degree

plies

the

cause of the decrease in the critical energy release rates
j p c ,ό1'

and

of the development

of

micro-

cracking. Thus, transverse microcracking is nothing but
a direct consequence of an increasing degradation of the
fiber/matrix interfaces, and w e assume that the static
laws described in 3.2. remain valid.

cracks propagate completely f r o m one edge to the other.
Our model is capable of reproducing that p h e n o m e n o n
thanks to the distinction m a d e between the initiation and

4.2. Evolution of diffuse damage during cyclic
loading

the propagation of cracks. Thus, even though the only
result being plotted is the complete microcracking rate,
At this point, since all other laws are unchanged, the

one should note that the model is able to distinguish at
each point between microcracking in the cracks initiated
at that point and cracks propagated from neighboring

d a m a g e evolution law for diffuse loading under cyclic
loading is the only unknown. In order to perform a
coarse first identification, w e use the results of 1261,

points.

which gives the level of microcracking as a function of
the

4. TOWARDS A MODEL OF FATIGUE DAMAGE
4.1. Microcracking as a consequence of diffuse
damage
Of course, d i f f u s e d a m a g e is influenced by fatigue

number

of

cycles

on

[0/90 8 /0]

and

I M 7 / 9 7 7 - 3 cross-ply laminates at r o o m

[0/90 4 /0]

temperature

(24°C), for different loading levels and for a stress ratio
equal to 0.5.
Thus, since the experimental information (p « · /v) is
known, one can determine the underlying link ( d ' o Λ')

and, consequently, is at any time the superposition of a

by using the fact that the results are on the cracking

static contribution and a fatigue contribution. Therefore,

curve:

the global level of d a m a g e due to that mechanism can
,
ini

be written as:
d = ds

+

df

;

~d'=~d's+d'f

μ
=

An

78

evolution

law (2). Concerning

d'(2 ·λ·ρ)-ά·(λ·ρ)
A·ρ

=

,
GC(11)

(9)

T h e evolution of the static part is governed by the
classical

,
>2
1
* \σ22/+
* ~ ·
2
Ej

the

fatigue

illustration

of

the

underlying

relationship

(d'<=> /v) obtained in this manner is shown in Fig. 10. It
is important to note that in this approach transverse
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cracking is the result of a very small evolution of the

d f _

Ö~d'

level of diffuse damage. This is consistent with the

d\og(N)

G0

/

c

experimental observation that the loss of stiffness of

rz—2

dp

^log(W) • v i

dp

Materials

(13)

' dd'

For simplicity's sake, let us denote:

cross-ply laminates during cycles results primarily from
the development of microcracking. The evolution of

r^—2

diffuse damage, which can greatly influence the global

(14)

d' = B { N , p , d ' } · ^

development of the degradation, is difficult to observe
in the stiffness response.
Moreover, for this coarse first identification, let us
assume that the evolution of static diffuse damage
during the fatigue microcracking process is very small,
i.e.:
(15)

d'*d'f

For each
4

6

g

10

12

Number of cycles

Fig. 10:

I
>

Evolution of transverse diffuse damage vs.
the number of cycles, obtained by inverse
identification

from

the

evolution

of

the

^

test described

in 1261,

e{N,p,d'}and

can be easily calculated. Therefore, for diffuse

damage, one obtains the evolution law of Fig. 11,
plotted from equation (14) for three tests on two
different layouts.

microcracking rate vs. the number of cycles.
|*|: |0/90g/#| maximum stress I.4K2I
IB] : |0/90χΛ>| maximum stress I.I K2l
IC|: lO/W^/·! maximum stress I.2F2I

This plot corresponds to the [0/90g/0] case.
The maximum stress is equal to 1.1 F2t,
where F2t is the failure stress of the 90°

•1Ό

unidirectional sample, and the stress ratio is

ε

•S

equal to 0.5 /26/.

*

J

o '-S
$ *

X
Ξ

/ E

To go further, it should be possible to deduce from
experimental observations on microcracking an intrinsic

/

1!
I
0

law of the form given by (10). Let us go back to the
.-T*

particular expression of the energy release rate on the

0.5

CTS

cracking curve (11):
Fig. 11:
„0/
μ / . \2
ι
Gc · <t>(d ) = - · ( σ 2 2 ) , · — / (ρ) where

2

d'(2
f(p)

Damage

evolution

law

on

IM7/977-3

identified from the results of /26/

£2

λ p(i))-d'(λ

p{i))

(12)

A ·/,(/)

Thus, the result of this coarse first identification is a
simple intrinsic power law:

Now, in order to introduce the derivative of d' with
respect to the number of cycles, let us derive expression

TTP

(16)

(12). By calculating the derivative with respect to
log(N) with the assumption that the variation of d'
during the fatigue degradation process is small (as
demonstrated above), the following result is obtained
directly:

4.3. A first attempt at the simulation of fatigue
microcracking
Now, the experimental observations of /26/ can be
simulated through F.E. calculations of the complete
79
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section, as already described for pure static loading. One

We proved that very small evolutions of the diffuse

simply needs to introduce the fatigue evolution law for

damage can lead to significant increase in transverse

the diffuse part

microcracking.

of

the damage,

the evolution

of

microcracking being governed by the static law.
We used a fatigue law of the form described in Fig.
11. The coefficients of the power law had to be adjusted

Moreover,

we

showed

that

the

underlying diffuse damage evolution law should be a
classical intrinsic power law in terms of the damage
forces.

to take into account the fact that the static part of the

Calculations were performed on the mesoscale using

diffuse damage also evolves during the fatigue process.
(The values chosen were a = 0 . 0 0 1 0 4 and β = 2.57 .)

Our model appears to be capable of reproducing the key

the micro-meso relations introduced in previous works.
features of static and fatigue experiments. Nevertheless,
further experimental and theoretical developments will

o.e. ..

-

- —-

\

ϋ 0.*

Currently, we are studying two key points which

2

will be the subjects of further publications.

05

f

be necessary in order for the model and identification
procedure to become fully defined.

β. 7 .

The

first point

is the

influence of

transverse

microcracking on the diffuse damage evolution law.
Here,

we

assumed

that

diffuse

damage

remains

governed by the effective stress even when transverse
0
10

microcracking occurs. Consequently, microcracking has
almost no influence on diffuse damage. Indeed, the

s

microcracking rate does not appear explicitly in the
n

'">j

Fig. 12:

Number of cydos : lop ΝI

definition of the diffuse damage forces. In reality, the

Comparison of the calculated microcracking

development of transverse microcracking should relax

rates and experimental observations on the

stresses and slow down the evolution of diffuse damage.

edge (represented by symbols) for a [0/90 s /0]

This coupling can be studied

laminate under cyclic loading at 1.1 F 2 ,/26/.

micromechanical F.E. calculations, which is what we

theoretically

through

are doing.
The enhanced model appears capable of reproducing

The second key point is the crack pattern across the

the important trends of the experimental results. In this

width

case, the cracks are found to propagate throughout the

especially for very thin plies. In the results presented

of

the

laminate

obtained

with

our

model,

width of the sample (Fig. 12). This is in good agreement

here, which conccrn thick plies, the cracks always go

with experimental observations on very thick plies,

through the whole width of the sample. However, the

which is the case being considered here.

enhanced model for microcracking presented in Section
3 should make the description of complex patterns
involving partial and complete cracks possible. This

5. DISCUSSION AND CONCLUSION

point, which is closely related to the previous one, is
also under investigation.
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