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Abstract

This paper gives details of the implementation of improved failure criteria for laminated composite structures into LS-DYNA3D.
Out-of-plane stresses have been taken into consideration for damage initiation. It is suggested, for the first time, that delamination
is constrained by through-thickness compression stress. Interactions between different damage mechanisms have been considered.
Damage predictions in good agreement with experimental ones have been achieved. © 2000 Elsevier Science Ltd. All rights

reserved.
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1. Introduction

The Chang—Chang failure criteria [1] and DYNA3D
are widely used for the prediction of impact damage in
composites [2-5]. Hallett and Symons used the VEC
version of the DYNA3D to simulate tension, through-
thickness shear and impact tests on beams and plates
[6]. The damage processes in beam tension and impact
have been successfully modelled by using the material
model of composite failure (material 22) [7,8]. That is
because the dominant stresses in beam impact were
tensile stress in the fibre and transverse directions, i.e.
in-plane stresses. Results from the modelling of inter-
laminar shear tests on notched specimens showed that
stress concentration at the delamination tip introduce a
mesh-sensitive effect. Better stress/strain curves were
obtained by taking the peak shear stress to be equal to
the shear concentration factor multiplied by the mean
measured shear strength [9]. In the modelling of plate
impact, problems occur with damage prediction,
although the force/time history could be simulated rea-
sonably well. It was noticed that delamination occurred
before matrix cracking and fibre failure under the
impactor site and it was the interface close to the
impactor that debonded first and last in the modelling.
Experimental observations, however, show that delami-
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nation away from free edges can only be induced by
other failure modes, such as fibre failure and matrix
cracking. Other investigations into the modelling of
plate impact by the use of DYNA3D showed similar
results [10]. Davies et al. [11] used the Chang—Chang
criteria to predict matrix cracking and fibre failure, but
for delamination they used a fracture-mechanics-based
failure criterion.

Several points concerning the criteria used in the
existing DYNA3D code have been noticed. First of all,
only plane stresses, such as o1y, 01», 027, are considered
in the criteria for fibre failure, matrix cracking and
matrix crushing. Thus damage prediction may not be
satisfactory for some loading cases where out-of-plane
stresses are significant. Secondly, interlaminar shear
stresses caused by matrix cracking and fibre failure are
very important causes of delamination in impact events.
Actually, these failures act as stress raisers at the adjacent
interface [11]. In the DYNA3D code, related stresses are
reduced after failure, and the local stresses close to the
damage cannot be modelled realistically. Thus, the
interactions between different failure modes are not
modelled. Finally, the through-thickness compression
stress is taken to have exactly the same effect as the
through-thickness tension stress on delamination. In
fact compressive stress constrains crack opening. This
could be the main reason why delamination occurs
before matrix cracking and the interface nearest to the
non-impacted face failed last in the plate model which
uses the existing DYNA3D.
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2. Failure criteria
2.4. Delamination
The composite failure material model of DYNA3D is
based on the well-known Chang—Chang failure criteria
[1,2], with the delamination criterion proposed by and ) o1\ [(o5\ [o31)’
Brewer and Lagace [12]. These criteria are formulated ‘= ( ) +<st) +< > =1 )
below. The contribution of the stresses to the failure
modes is illustrated in Fig. 1.
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2.1. Fibre failure
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2.2. Matrix cracking directions;
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Fig. 1. Stresses inducing failure in DYNA3D failure criteria.
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Xr - tensile strength in the fibre direction;
Y7 - tensile strength in the transverse direction;
Y¢ - compressive strength in the transverse direction;
Zr - tensile strength in the through-thickness direction;
S1» - shear strength in the fibre and transverse plane;
S>3 - shear strength in the transverse and
through-thickness plane;
S31 - shear strength in the through-thickness and
fibre plane.

The first three conditions relate to single ply failure
and are not unique to the approach but have a great
degree of commonality with other widely accepted cri-
teria. Fibre failure may be accepted as governed by Eq.
(1), as the tensile stress is the main one that caused fibre
failure in blunt head impact. On the other hand, matrix
cracking in Eq. (2) does not include the contribution of
the shear stress o,3, which is a dominant stress for shear
cracking [13,14]. Matrix crushing seldom presents any
difficulties in practice in out of plane impact. A serious
difficulty on the other hand arises when dealing with
delamination, in that the sign of the through-thickness
stress o33 1s taken to be irrelevant in the criterion cur-
rently used in DYNA3D. In reality, compression
improves the delamination strength while even small
tensile stress by itself can cause delamination. The fol-
lowing modified criteria overcome these difficulties.

2.5. Fibre failure
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where

Sy —  shear strength involving fibre failure;

Sy3 — shear strength for matrix cracking in the
transverse and through-thickness plane;

Sp3 — shear strength for delamination in the

transverse and through-thickness plane.

Fig. 2 shows the contribution of each stress to failure
modes according to the proposed criteria.

Compared with Eq. (1), in Eq. (5) the shear stress o3
has been taken into account for fibre failure as it has the
same effect as the shear stress 0. It must be pointed
out that the shear strength for fibre failure is dis-
tinguished from that for matrix cracking, the former
should be much higher than the later.

For the criterion of matrix cracking, the contribution
of shear stress o,3, which is considered as the cause of
shear cracking [13,14], has been included in the new
criteria. The criterion for matrix crushing in Eq. (7)
remains exactly the same as Eq. (3), as matrix crushing
is not the main damage mechanism in impact events.

For delamination, the new criterion has exactly the
same form as the existing one in Eq. (4). But delamina-
tion is not allowed to occur while an element is under
compression in the through-thickness direction. In
addition to this, the shear strengths in the transverse
and through-thickness plane for matrix cracking and
delamination have been separated. There are two rea-
sons for this. Firstly, the shear strength for delamina-
tion might be different from that for matrix cracking as
there exists a resin rich ply at the interface of plies with
different angles which is considered tougher than
matrix-fibre interface where high residual thermal stress
could be accumulated during processing. The second
and the more important reason is that the high shear
stresses at the interface induced by fibre failure and
matrix cracking are not represented in the model.
Instead, the shear stresses are reduced after these failure
modes occurred. This means that the model can not give
the real interlaminar shear stresses after the presence of
these damage modes, which is another difficulty in the
prediction of delamination. To cope with this problem,
shear strength for delamination in the implemented pro-
gramme is reduced as a result of interaction of different
failure mechanisms.

3. Stress update

Prior to failure, the material is considered as ortho-
tropic linear elastic. The post failure behaviour is mod-
elled following the principles of damage mechanics.
Currently, damage parameters are defined as functions
of time only, i.e.
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Fig. 2. Stresses inducing failure in the proposed failure criteria.
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The coupling of damage parameters is illustrated in
Table 1, which shows the relation between failure modes
and affected components of stress tensor.

4. Application to plates under impact
4.1. Experimental work

The new criteria have been implemented into
DYNA3D code and used to model the plate impact
conducted by Hallett [6,8]. The material tested was uni-
directional CFRP T300/914 with a fibre volume fraction
of 0.6. The lay-up of the plate were 21 plies of [0°/90°]
alternate. The test was carried out using the gas gun
shown in Fig. 3. The impactor was a titanium alloy rod
9.55 mm in diameter and 500 mm in length. To ensure
the test geometry was the same as those used by the
aerospace industry [15,16], the impactor was fitted with
a spherically ended steel cap 16 mm in diameter and
rubber bungs were used to damp the oscillations in the
force signal. The total mass of the impactor was 260 g.
In the test, a titanium projectile launched by a gas gun
hits the impactor, which then strikes the specimen. The
distance between the impactor and the specimen was
sufficient to ensure that the former was in a stress-free
state on impact. A latch device was fitted so as to avoid
multiple impacts when the impactor bounced off the

Table 1
Damage modes and corresponding stress update

Damage mode Stresses updated

Fibre failure 011=002,=0033=0
012=0023=0013=0
Matrix cracking 022=0012=0
Matrix crushing 02 =0

Delamination 033=0023=003=0

specimen. The dimensions of the plate tested were
85x85x2.6 mm?>. The plate was simply supported by a
support block containing a 45 mm diameter circular
hole at the centre (as shown in Fig. 4). The velocity of
the impactor was measured by infra-red timing gates
just before it struck the specimen. C-scan and dye
penetrants were used to detect damage after impact.
The damaged plate was sectioned through the centre of
the damage region in the direction of the short axis (Table
1). Fig. 5 shows the results of dye penetrant test of plate
impacted with an initial velocity of 7.08 ms~!. A delamina-
tion-free region was observed just under the impactor, in the
through-thickness compression zone under the impactor.

4.2. Numerical modelling

The laminated material was simulated using the fail-
ure model defined by the proposed criteria and by the
Chang—Chang criteria implemented into the commer-
cially available version of DYNA3D (material 22). The
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Fig. 3. Set-up of the gas gun apparatus.

Fig. 5. Dye penetrant test showing delamination of plate impacted at a velocity of 7.08 ms~' (6.5J). The maximum length of delamination is about

19 mm.

model was built based on Hallett’s work [8]. The ele-
ment type is 8-node solid element with one integration
point. The laminate was modelled with one element per
ply. For simplicity, the impactor was modelled as tita-
nium cylinder of 0.3 m long and 16 mm in diameter with

a hemispherical tip, which gives the same mass as that
applied in the tests. Elastic isotropic material (material 1
in DYNA3D) was used to simulate the impactor and
support materials. Because of symmetry, only one
quarter of the structure was modelled in order to save
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CPU time. The input material properties are sum-
marised in Table 2. The input file of the model was
generated by a pre-processor, PATRAN. D3PLOT was
used as post-processor to display the stress, strain, fail-
ure situation and other details of the model.

The mesh of the plate model is shown in Fig. 6. A fine
mesh was used in the vicinity of the impact zone. The

Table 2

Material properties applied

Young’s modulus in the fibre direction E; 139E9 (pa)
Young’s modulus in the transverse direction E, 9.4E9 (Pa)
Young’s modulus in the normal direction Ej 9.4E9 (Pa)
Poison’s ratio v, 0.0209
Poison’s ratio vy3 0.33
Poison’s ratio vy3 0.0209
Shear modulus G, 4.5E9 (Pa)
Shear modulus G»; 2.98E9 (Pa)
Shear modulus G 3 4.5E9 (Pa)
Bulk modulus of failed material K, 2E9 (Pa)
Xr 2070E6 (Pa)
Yr 74E6 (Pa)
Ye 237E6 (Pa)
Zr 74E6 (Pa)
Shear strength for matrix cracking S, 64E6 (Pa)
Shear strength for matrix cracking S,,3 64E6 (Pa)
Shear strength for delamination S}; 86¢e6 (Pa)
Shear strength concerning fibre failure Sy 120E6 (Pa)

Mass density p

1.58E3 (kg.m™3)

material properties used in the model are shown in
Table 2. The support was supplied by a steel ring 45 mm
in diameter through surface—surface contact, with the
master surface on the ring side. The same type of con-
tact has been applied between the plate and the impac-
tor, which has an initial velocity of 7.08 ms~!.
Hourglass control type 5 has been applied to improve
the deformation behaviour of elements after failure.
Fig. 7 presents the predicted process of matrix crack-
ing. This starts soon after impact on the compression

Fig. 6. Mesh of the plate model.

t=0.04ms impactor

0.0
0.5
1.0

t=0.08ms *impoctor

0.5
1.0

o9
owo

t=0.12ms *impactor 0405

t=0.16ms *im pactor

t=0.20ms *impacfor OrOE

1=0.24ms *impoctor 0405

t=0.28ms *impqcior

t=0.32ms *impoctor 0-05

—

Fig. 7. Predicted matrix cracking from plate model.
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Fig. 9. Predicted matrix crushing from plate model.
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Fig. 10. Predicted delamination after the impactor bounced back (#=0.6 ms).

face, very near to the impactor and is simply caused by
the high local compression stress. It will be noted that
this limit damage (after 0.04 ms) remains virtually
unchanged until much later, at 0.60 ms, by which time
extensive matrix cracking has already taken place. For
this reason, the initiation of failure for the plate as a
whole can be regarded as a totally independent event
from the initial matrix cracking. After 0.08 ms, matrix
cracking starts in the tension side. This spreads at the
same time as laminates nearer to the impacted face
begin to crack. However, the main matrix cracking
process is related to the extension of cracks in the layers
subjected to the maximum tensile stress, i.e. those
furthest away from the impact face. Matrix cracking of
the internal layers is never very extensive.

Fig. 8 shows the process of delamination. Here again
vestigial delamination occurs as a result of Hertzian
stress but this extends very little with time. Most of the
delamination occurs near the neutral plane of the plate,
i.e. between those layers where the maximum shear
stress is fond. Delamination progresses rapidly towards
the tension side, where it becomes quite extensive, and
towards the compression side, where it remains more
contained. In comparison with matrix cracking and
matrix crushing (Figs. 7 and 9), delamination is seen to
present a more severe risk of structural damage. There
is, however, a close relationship between matrix crack-
ing and delamination apparent from the two figures.
Delamination in the layers in tension is always follow-
ing the occurrence of matrix cracking there.

Matrix crushing, illustrated in Fig. 9, is never a ser-
ious problem since it is always confined to the region
immediately in contact with the impactor and results
from high Hertzian stress, in good agreement with
experimental observations.

In summary, matrix cracking and delamination develop
at a very early stage of the contact in the top ply. They are
caused by transverse and through-thickness tension stres-
ses induced by Hertzian contact effect, which did not
propagate in the thickness direction, except that, matrix
cracking in the non-impacted ply initiates at about 65 um
after contact, propagating preferably in the fibre direction
of that ply. Shear cracks in the middle plies are some
distance away from the impact site, which correspond to
experimental observations. Delamination happens at
the farthest interface following the matrix cracking,
again propagating along the fibre direction as shown in
Fig. 8. Delaminations in the inner interfaces are slightly

away from the impact site, giving a delamination-free
region under the impactor, as found in the experiment.

Fig. 10 shows delamination in the through thickness
direction, which is comparable with Fig. 5.

5. Conclusions

Realistic predictions of damage modes, matrix crack-
ing, matrix crushing and delamination have been
achieved by the implementation of the improved criteria
and the consideration of the interaction of damage
modes. Local high shear stresses induced by matrix
cracking and fibre failure have been taken into con-
sideration and the interlaminar shear strength was
reduced as a result. The delamination-free region just
under the impactor observed in impacted plate has been
successfully represented by the model. This proves that
delamination is constrained by through-thickness com-
pression stress. On the other hand, as the modelled
delamination-free region 1is larger compared with
experimental results, it is suggested that delamination
should be allowed to happen if the compression stress in
the through-thickness direction is relatively small. The
interaction between through-thickness compression and
shear stresses needs to be studied further.
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