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Abstract: The existing models are established based on the fatigue behavior of impacted laminates. It makes them
unsuitable for the general use. So, a general 3-D progressive damage fatigue life prediction method for impacted
laminates is developed based on the progressive damage theory and the fatigue behavior of unimpacted unidirec-
tional plies. The model can predict the fatigue life of laminated composites with different ply parameters., geome-
try. impact damage, and fatigue loading conditions. In order to obtain the impact damage information in the case
that no impact test data is available, a whole damage process analysis method for laminated composites under the
impact loading and the fatigue loading is analyzed. The predicted damage statuses of composite laminates can be
used to analyze the post-impact fatigue life. A parametric modeling program is developed to predict the impact

damage process and the fatigue life of impacted laminates based on the whole damage process analysis method.
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The most relative error between the prediction and the test results is 7. 78%.
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INTRODUCTION

Advanced composite materials for its excel-
lent mechanical properties are widely used in the
aviation and aerospace fields. In the process of
manufacturing and use, composite structures are
susceptible to the damage resulting from the im-
pact of foreign objects. It is showed that the im-
pact damage has a significant influence on the
compression fatigue performance during the prac-

tical usel"*-.

As such, it is important to research
the fatigue life prediction method for impacted
laminate structures.

Ref. [ 2] proposed an experimental method
for estimating the residual fatigue life of impacted
composites by using the thermo-elastic stress
analysis (TSA). TSA is used to quantify the
stress concentration factors in the impacted com-
posites. The stress concentration factors are used
to determine modified stress amplitude that col-
lapses the impact-fatigue data onto a master

stress-life curve. Compared with the experimental
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results, it is found that the method is good for
predicting the low cycle fatigue life and bad for
predicting the high cycle fatigue life. Based on the
experimental studies, Refs. [3-5] proposed a con-
stant-life model to predict the fatigue life of unim-
pacted and impacted composite laminates.
Ref. [ 6] proposed the principle of equivalent dam-
age that the strength reduction induced by impact
damage can be equal to the strength reduction in-
duced by fatigue loading. By using the concept
and fatigue behavior of unimpacted laminates.,
Ref. [6] established a fatigue life prediction model
for impacted laminates based on the Broutman fa-

1) under two-stage load-

tigue life perdition mode
ing. The existing models are established based on
the fatigue behavior of impacted laminates. The
existing models are the semi-empirical models.
The values of parameters in these models must be
adjusted to changes of geometry, lay-up and load-
ing condition through a series of experiment. It

can be concluded that all existing models for fa-

tigue analysis of impacted laminates have limita-

Received date: 2010-10-18; revision received date: 2011-01-06

E-mail :rocklet - xy@nuaa. edu. cn



88 Transactions of Nanjing University of Aeronautics &. Astronautics

Vol. 28

tions which make them unsuitable for the general
use. Experimental characterization of fatigue be-
havior of laminate is time consuming and expen-
sive. By considering the shortcomings of existing
models, the necessity for development of more
general models with fewer limitations is quite ob-
vious.

This paper proposes a general 3-D progres-
sive damage fatigue life prediction method. The
method can predict the fatigue life for impacted
laminates under general conditions (geometry,
lay-up, loading condition, etc. ) based on the pro-
gressive damage theory and the results of various
types of uniaxial fatigue experiments of unimpact-
ed unidirectional plies. This general model is not
limited to a specific geometry, lay-up, loading
condition, boundary condition, and loading ratio.
As the above conditions are changed, the costs of
tests for obtaining model parameters can be sig-
nificantly reduced compared with semi-empirical
models. In order to obtain the impact damage in-
formation in the case that no impact test data is
available, a whole damage process analysis
method of laminated plates under impact loading
and fatigue loads after impacted is developed.
Based on the whole damage process analysis
method, a parametric modeling program in AN-
SYS platform is developed to predict the impact
damage and fatigue life of impacted laminate

structures.

1 FATIGUE LIFE PREDICTION
MODEL

1.1 Finite element model of impacted laminates

Based on the ANSYS platform, a 3-D FEM
model of impacted laminate is built up with the 3-
D 8-node layered structural solid element. The el-
ement thickness is defined as the single-layer
thickness when the adjacent layer of ply angle is
different.

The impact-induced damages in laminated
plates are simulated by a progressive damage pre-
diction method of low-velocity impacts on lami-

nated composites® before fatigue analysis. The

impact damages cause the four kinds of failure
modes, including fiber failure, matrix crushing,
matrix cracking, and delamination. lLoad bearing
capability in damage region is reduced. In this pa-
per, stiffness is used to reflect the load bearing
capability. Stiffness degradation differs in differ-
ent failure modes.
(1) Fiber failure

age zone cannot endure any load, the law of mate-

Assuming that the dam-

rial performance degradation is that the values of
E..., E,, G,, Go.o Gy Uy ., and v,. are de-
generated to 7% of initial values.

(2) Matrix cracking Assuming that the
transverse load bearing ability decreases due to
matrix cracking, the law of material performance
degradation is that the values of E,,, G.,» G,.,
V. and v,. are degenerated to 2094 of initial val-
ues.

(3) Matrix crushing Assuming that the
transverse load bearing ability decreases due to
matrix crushing, the law of material performance
degradation is that the values of E,,, G, G,.,
U,y » and v,. are degenerated to 40% of initial val-
ues.

(4) Delamination Assuming that the dam-
age zone cannot endure any normal load, the law
of material performance degradation is that the
values of E.., G,., G,.s v,., and v,. are degenerat-

ed to zero.
1.2 Fatigue failure criteria

Under fatigue loading conditions, six differ-
ent failure modes are considered, i.e. , fiber ten-
sion, fiber compression, matrix crushing, ma-
trix-fiber shearing, interlaminar tension, and in-
terlaminar compression. So far, the fatigue fail-
ure criteria for laminates have been hardly found.
Based on the 3-D Hashin failure criterion for stat-
ic loading™, this paper developes fatigue failure
criterion for the above five kinds of failure modes.
Comparing the fatigue failure criterion and the
Hashin failure criterion, the main difference is the
value of strength. In the Hashin failure criterion,
the material properties are constants. But in the
fatigue failure criterion, the material properties

change with fatigue load parameters, such as the
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number of fatigue cycles (n), the stress ratio
(k). and the fatigue stress (o). The following
criteria are used.

Fiber tension fatigue failure mode (¢,,>0)
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where X;(n,0,k), Y;(n,o,k) and Z;(n,o,k) are
the longitudinal, the transverse and the normal
residual fatigue strength of unidirectional plies
under uniaxial fatigue loading conditions, respec-
tively. The subscripts " T” and "C” represent ten-
sion and compression. S,,(n,0,%) is the in-plane
shear residual fatigue strength of a unidirectional
ply under uniaxial shearing fatigue loading condi-
tions. S,.(n,0,%) and S,.(n.,o0,k) are the out-
plane shear residual fatigue strengths of unidirec-
tional plies under uniaxial shearing fatigue loading

conditions.
1.3 Material property degradation

In the previous section. suitable fatigue fail-

ure criteria are established to detect fatigue failure

modes. As failure occurs in a ply of a laminate,
material properties of the failed zone are changed
by a set of sudden material property degradation
rules. This type of change is called the sudden
material property degradation.

For a laminated composite under fatigue
loading conditions, in the first cycles, the
strength of the plies is higher than the stress
state. Therefore, during the first cycles, the pro-
posed fatigue failure criterion does not detect any
sudden mode of fatigue failure. However, in-
creasing the cyclic loading of the laminate, mate-
rial properties of each ply are degraded. This type
of change is called the gradual material property
degradation.

1.3.1 Sudden material property degradation
rules

The sudden material property degradation
rules for the fatigue failure modes of a unidirec-
tional ply under a multiaxial state of fatigue stress
are developed in the following.

(1) Fiber tension fatigue failure mode As-
suming that the damage zone cannot endure any
load, the law of material performance degradation
is that the values of E,., E,,, G.ys Gy Gooy Uy
Uy.» and v,. are degraded to 7% of initial values.

(2) Fiber compression fatigue failure mode
Assuming that the damage zone cannot endure
any load, the law of material performance degra-
dation is that the values of E,., E,,, G, G,.,
Gres Usys Uyes and v,. are degraded to 14 % of initial

values.
(3) Matrix-fiber shearing fatigue failure
mode  Assuming that the damage zone cannot

endure the shearing load, the law of material per-
formance degradation is that the values of G,, and
v,, are degraded to zero.

(4) Matrix compression fatigue failure mode
Assuming that the transverse load bearing ability
intends to decrease, the law of material perfor-
mance degradation is that the values of E,,, G.,,
Gyes U.y» and v, are degenerated to 40% of initial
values.

(5) Normal tension and compression fatigue
Assuming that the damage zone

failure mode

cannot endure any normal load, the law of mate-
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rial performance degradation is that the values of

E.., G, G,.,v,, and v,. are degenerated to zero.

1.3.2 Gradual material property degradation
rules

The stiffness and strength in laminates are
considered in these gradual material property
degradation rules. Refs. [10-11] proposed the
gradual material property degradation rules for
fatigue loading conditions based on the experi-
mental data from unidirectional ply under uniaxial
fatigue and a two-parameter power law model
presented in Ref. [12]. Because of their lower
cost of prediction, the rules are used for simulat-
ing gradual material property degradation for no
damage zone in this paper.

Base on the principle of equivalent damage in
Ref. [6], this paper proposes that the strength
and stiffness reduction induced by impact damage
can be equal to the strength and stiffness reduc-
tion induced by fatigue loading. So the rules are

also suitable for impact-damage zone.

1.4 Whole-process analysis method for impact

damage and post-impact fatigue life

On the ANSYS platform, a progressive dam-

age of laminated structure simulating program is

developed in APDL language. Fig. 1 demonstrates
its flowchart. Module A shows the flowchart for
and Module B shows the

flowchart for post-impact fatigue loading. This

impact loading,

program can predict the impact damage, the post-
impact fatigue life, and the progressive damage
process in impact loading and fatigue loading con-

ditions for laminated structures.

2 APPLICATION
RISONS

AND COMPA-

By using the method and the program, the
whole-process of damage development and post-
impact fatigue life for AS4/3501-6 laminates are
studied. The prediction results are compared with
the experimental results in Ref. [13]. The mate-
rial constants of composite and coefficients in
gradual material property degradation rules are
collected from Ref. [14]. The stacking sequence
is [0/4+45/90 ],.. The dimension is 38.1 mm X
38. 1 mm X4 mm.

2.1 Impact damage analysis

In the impact test, the diameter of impactor

is 12. 7 mm and impact energy is 2 J. There is a
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25.4 mm X 25. 4 mm square cutout in impact fix-
ture (Fig. 2).

Impactor .
P Laminate

composite
Clamp

Fig. 2 Finite element model for impact analysis

The finite element model for impact analysis
is showed in Fig. 2. All contact surfaces are de-
fined as the surface-to-surface contact type. Pen-
etration in contact surface is not allowed. All de-
grees of freedom are restricted in the upper sur-
face of the upper clamp and the lower surface of
the lower clamp. The translational degrees of x
and y directions are restricted for the central axis
of impactor.

Impact damage propagation of laminated
composites is showed in Fig. 3. The shape of final
impact damage is similar to the test result. The
prediction and the test diameters are 12.49 mm
and 12.7 mm, respectively. The area error be-
tween the prediction and the actual damage is

3.28%.

0.25 ms 0.37 ms

1.05 ms

Experimental result

Fig. 3 Impact damage propagation of

laminated composites

2.2 Post impact fatigue life prediction

According to the impact damage given by

prediction, a finite element model for fatigue

analysis is established, as showed in Fig. 4. The
dark grey shaded area in Fig. 4 is the impact dam-

age region.
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Fig. 4 Finite element model for fatigue analysis

One of the ends of laminate is fixed and the
other is applied axial C-C fatigue load. The fa-
tigue loading is 80% and 70% CSAI (Compres-
sion of strength after impacting), respectively.
The finial failure criterion is that the fiber failure
extends to plate edge in all 0° plies.

Fatigue damage propagation of 70% CSAI is
showed in Fig. 5. The initial impact damage is
showed in the first figure of Fig. 5. There is
large-area matrix crushing damage as applied
10 010 cycles. As applied 20 010 cycles, delami-
nation propagates from the free boundary to the
interior of laminate. As applied 30 010 cycles,

fiber damage begins to propagate perpendicular to

90° 45°
&,
-45°

Delamination Matrix crushing

Matrix cracking Matrix-fiber shearing Fiber crushing
:

0 10 010 cycles 20 010 cycles

30 010 cycles 70 011 cycles

Fig. 5 Fatigue damage propagation of 70% CSAI
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loading direction in some 0° layers. As applied
70 011 cycles, fiber damage propagates to plate
edge in all 0° plies. As the damage status agrees
with the finial failure criterion, the fatigue life of
this laminate is 70 011 cycles.

The comprison of the predicted results and
the test results™® is listed in Table 1. The most
relative error between the predicted results and
the test results is 7. 78 %.

Table 1 Comparison of fatigue life and error of

impacted laminated composites

IOgN( E /y
Omin rror/ /
Test result''® Predicted result !
80 % CSAL 2.634 2. 839 7.78
70% CSAI 5.076 4. 845 4.55

3 CONCLUSIONS

(1) Based on the results of various types of
uniaxial fatigue experiments on unimpacted unidi-
rectional plies, a new method is presented to pre-
dict the post-impact fatigue life under general fa-
tigue loading conditions. By using the traditional
progressive damage model which can simulate the
fatigue behavior of unimpacted composite lami-
nates, the 3-D progressive fatigue damage model
for impacted laminates is developed.

(2) Whole process analysis method for im-
pact damage and post-impact fatigue life is pro-
posed to predict the damage propagation from im-
pact to fatigue loading. Prediction results of im-
pact damage can be used for post-impact fatigue
analysis. When no impact test data is available, it
can still predict the fatigue life based on the im-
pact loading conditions and fatigue loading condi-
tions.

(3) The method and its program are exam-
ined by simulation of AS4/3501-6 laminates with
test results presented in Ref. [13]. The most rel-
ative error between the predicted and the test re-

sults is 7. 78 %.
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