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ABSTRACT

An analytical model was developed to study the delamination growth behavior of
graphite/epoxy cross-ply laminated composites resulting from quasi-static transverse con-
centrated loads. The objective of the study was to fundamentally understand the inter-
action between the initial matrix cracking and the delamination initiation and growth in

laminated composites due to transverse concentrated loads.

The model consists of a stress analysis for determining the stress distributions during
loading, a contact analysis for modeling the interfaces conditions of matrix cracks and
delaminations, and a failure analysis for predicting crack growth. The stress analysis was
developed based on the up-dated Lagrange formulation. A nonlinear three-dimensional
finite element analysis was developed for calculating the stresses inside the composites.
An augmented Lagrangian method was adopted in the contact analysis for modelling the
crack interfaces. No friction was considered along the crack surfaces. The indentation
resulting from a spherical nose indenter was also modelled based on the contact method.
The crack closure technique based on linear elastic fracture mechanics was applied to

determine the delamination propagation.

During this period of the investigation, attention is given to the growth of the surface
matrix crack-induced delamination in cross-ply composites and the interaction between
the matrix cracking and the delamination initiation and propagation inside the laminates.
Based on the study, it shows that delamination growth in laminated composites due to
transverse loads is strongly affected by the initial matrix cracks. Delamination induced
by a bending crack (surface crack) would grow into a slender shape with its major axis
parallel to the direction of the surface cracks. Mode I fracture toughness dominates the
initiation and growth of the delamination induced by the bending cracks. The analysis

also showed that the growth of the bending crack-induced delamination is stable in

laminated composites.
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I. INTRODUCTION

It is well known that fiber-reinforced organic matrix laminated composites are vul-
nerable to transverse quasi-static or transient dynamic loading. Matrix cracking and de-
laminations are commonly observed failure modes appeared inside the materials resulting
from transverse quasi- or low-velocity impact. Extensive studies have been performed
by many investigators and can be found in the literature, however, the majority of the
previous work related to the aamage induced by transverse ioading has been focused

primarily on experiments [1 — 16].

It has been shown in the literature that for some ply orientations, matrix cracks
could be generated without initiating delaminations by properly selecting the impact
velocity or applied load. However, whenever there was a delamination, there were matrix
cracks accompanied with the delamination. Recent studies by Jones [15], Joshi [10], and
Sun [4] indicated from their experiments that matrix cracking was the initial failure mode

for organic matrix laminated composites subjected to transverse loading.

Choi and Chang [17 — 19] recently performed an experimental and analytical study
on line-loading impact. The results of the study also showed that the damage in com-
posites resulting from transverse loads was initiated from matrix cracking. Furthermore,
these initial cracks were found to play a much more significant and crucial roles in the
damage development due to transverse loads than those matrix cracks generatéd com-
monly by in-plane tensile loads. Unlike the matrix cracks generated by in-plane loads,
these initial matrix cracks, once produced, would induce immediately delaminations along
the interfaces where the two neighboring plies have different ply orientations. Basically,
these initial matrix cracks can be classified into two types: the shear matrix crack and
the bending crack. -The shear cracks appear inside the laminates and locate at a dis-
tance away from the impacted area. The bending cracks occur on the bottom ply of the

laminate directly beneath the impact load.

From their experiments, Choi and Chang [17 — 19] showed that the damage induced
by the shiear cracks was much more violent and catastrophic than that initiated by the
bending cracks. It has Leen observed that the size and shape of the delaminations inside
composites were strongly dependent upon the location and the type of the initial matrix

cracks.




Apparently, the strong interaction between the initial matrix cracking and delam-
ination growth is a major characteristic of the damage in composites resulting from
transverse loads. Such a strong interaction sets apart the major difference between the
damage induced by in-plane loads and transverse loads. Unfortunately, there is limited
understanding of the mechanics of the material governing the interaction and the crack
propagation. Recently, Sun [20] performed a two-dimensional study on the delamination
growth induced by a bending crack. Mode I fracture was found to be the major factor

contributing to the delamination growth.

Therefore, the objective of this investigation was to study the interaction between
matrix cracking and delamination growth in laminated composites resulting from trans-
verse loads. In the first year of the study, a nonlinear two-dimensional finite element
analysis was developed to study delamination propagation induced by both shear matrix
cracks and bending cracks. The results ot the study showed that the position and type of
the initial matrix cracking significantly affected the growth of delamination. Delamina-
tion growth could be either stable or unstable depending upon the location of the initial
matrix cracks. The study characterized the basic failure modes and failure mechanism of

laminated composites resulting from transversely concentrated loading in two dimensions
[21,22].

In the second year of the study, the attention was focused on understanding delam-
ination growth in three dimensions in laminated composites under a single transverse
concentrated load. The objective was to develop a model for analyzing matrix crack-
induced delamination growth in laminated composites subjected to transversely concen-
trated loading through a spherical indenter. Liu [23] modelled an embedded delamination
with a thin soft isotropic layer employing a finite element method. No matrix cracking
was considered in the analysis. It was shown that Mode II and III fractures controlled

predominantly the growth of the embedded delamination due to transverse loading.

Due to the complexity of the problem, only cross-ply laminates were considered. A
three dimensional finite element analysis was developed during the investigation. During
this period, only bending crack-induced delaminations were studied. In the third year
work has been continued to evaluate the delaminations induced by shear matrix cracks.

In this report, the analytical model will be briefly described. The primary focus will be
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given on the discussion of the effect of initial matrix cracking on the propagation of the
delamination in composites, and a detailed description of the analysis will be provided

in the final report at the end of the third year study.

II. PROBLEM OF STATEMENT

Consider a [Ug/902]s, T300/976 laminated composite plate subjected to a quasi-static
transverse concentrated loading as shown in Figure 1. A spherical indenter was applied
vertically downward to the center of the laminate. It was assumed that a surface matrix
crack in the bottom 0° ply group initiated the damage, followed by a delamination in the
second 90/0 interface measured from the top surface of the laminate. A typical damage

pattern of the laminate from an X-radiograph is shown in Figure 2.
In this investigation, it was desired to determine

1). the effect of the initial matrix cracking on the propagation of the delamination in the

plate,
2). the delamination growth in the laminate at a given load, and
3). the response of the delaminated composite.

Accordingly, the laminate containing a delamination with and without a pre-introduced
matrix crack in the 0° ply group was analyzed as shown in Figure 3. A three-dimensional
finite element method was developed for analyzing the problem. A brief description of

the analysis will be given in the next section.

III. MODEL

Because the local indentation deformation of the laminate could be substantial due
to concentrated loading, the finite deformation theory [24] was adopted in the analysis.
The total potential energy II of the laminated composite subjected to the external loading

can be described in general as

H=/"V(ng,Eg])dv—/T,'u,'dA (1)
v A
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where W is the strain energy function, and S;; and E;; are the total Kirchhoff Stresses
and the Green Strains, respectively. T; are the prescribed surface tractions applied on

the current deformed surface A, and u; are the displacements.

In order to analyze the response of the delaminated plate subjected to transverse
concentrated loading, resulting from a spherical indenter, the contact conditions between
the upper and lower delamination surfaces inside the material, and between the indenter
and the laminate have to be modelled accurately. Because both conditions can affect |
significantly the deformed configuration of the laminate, Eq. (1) can not be solved
alone without prior knowledge of the conditions. However, these contact conditions are

unknown and depend upon the deformed configuration of the composite.

In general, the following normal contact conditions have to be satisfied along the

contact surface for both delamination interface and the indenter, as shown in Figure 4:

920 (2.1)

An <0 (2.2)

where A, is the normal contact force, and g is a gap function which defines the distance
between the upper and lower delamination surfaces or between the indenter and the

laminate.

Eq. (2.1) represents the impenetrability condition, and Eq. (2.2) indicates that the
normal contact tractions must be compressive between contacting bodies. Accordingly,

combining Egs. (2.}) with (2.2) yields

Ang=0 (3)

Eqs. (2) and (3) represent the well-known Kuhn-Tucker conditions [25]. The above

conditions should be held at any configuration of the laminate at a given load.

Therefore, Eq. (1) also has to satisfy the constraints. In general, there are two meth-

ods that are widely used for enforcing the constraints: 1) Lagrange multiplier method

4




[25] and 2) penalty method [27,28]. The former has the advantage of enforcing the exact
constraints, but introduces additional parameters and substantially enlarges the system
of equations to be solved [26]. This method has been applied by the authors previously
for analyzing the iateraction between matrix cracking and delamination in two dimen-
sions (21,22]. However, it was found very difficult to be applied for the present three

dimensional problem which resulted in a very large system of equations.

The latter has the advantage of introducing no additional equations, but it is very
sensitive to the choice of penalty parameter, possibly leading to ill-conditioning [27, 28].
Recently, an augmented Lagrangian method [29], a mixed formulation between the La-
grangian multiplier and penalty methods, was developed, which showed to circumvent the
ill-conditioning problem and preserve the advantage of the Lagrangian multiplier method
without introducing additional variables. Therefore, in this study, the augmented La-
grangian formulation was adopted. Thus, based on the augmented Lagrangian formula-

tion, by combining Eqs. {1) with (3) yields

oIl + /(An + €,9)bgdl’ =0 (4)
r

where A, has to be up-dated within each load increment until the gap function is mini-
mized. €, is the penalty parameter and I is the contact surface. It is noted that if ¢ =

0, then A, in above equation corresponds to the correct Lagrange multiplier.

A three dimensional finite element method was developed based on Eqs. (3) and
(4), and an eight-node brick element was used. Due to symmetry, only a quarter of the

laminate was analyzed. A typical finite element mesh is shown in Figure 5.

Once the deformations were calculated from the finite element analysis, the strain
energy release rates along the delamination front were determined based on the crack
closure techniques [30]. Only the delaminations with circular or elliptical shapes were
considered in the analysis as shown in Figure 6. In order to predict the delamination
growth, a three dimensional crack growth criterion was required. Numerous crack growth
criteria have been proposed in the literature. Here, the following crack growth criterion

[31] was adopted:




G G G
1 + Il + 111 = E, (5)
Gic  Guc Guic
If E4 > 1, then delamination growth occurs. In this study, Gjj¢ = Grric was
assumed {31] for the material considered. A similar criterion has been used previously

by the authors [21,22] for analyzing the delamination growth in two dimensions.

IV. RESULTS AND COMPARISONS

In order to verify the model, numerical solutions were generated and compared with
existing analytical and numerical solutions. Overall, the agreements were very good.
Verification of the analysis will not be presented here but will be provided in the final
report. In the following, numerical simulations of a cross-ply laminate containing a

delamination with and without a surface matrix crack will be presented and discussed.

Figure 7 shows the response of the laminate containing an elliptical delamination
and subjected to transverse loading. The load-deflection response was linear at the initial
loading and became stiffened as the load increased. However, the contact area between
the indenter and the laminate was highly nonlinear starting from initial loading as shown

in the figure.

In order to evaluate the effect of surface matrix cracking on the delamination initia-
tion and propagation, numerical simulations were performed on a T300/976 graphite/epoxy
[06/902]s composite subjected to a transversely qua.i-static loading resulting from a
spherical indenter. Numerical calculations were generated for the laminate containing
various sizes of a pre-introduced delamination with and without a surface matrix crack
in the bottom 0° ply group. The length of the matrix crack was assumed to be a constant
throughout the calculations. In the following figures, numerical results will be presented

for delaminations from small to large sizes.

Figure 8 shows the comparisons of the calculated total strain energy release rate Gr
for the laminate containing a small circular delamination with and without the surface
matrix crack. For the laminate containing the matrix crack, the value of Gt along
the delamination front near the location of the matrix crack increased significantly and

reached a peak at the intersection between the matrix crack and delamination (at ¢ =
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0°). However, it decreased rapidly as the delamination front, where the value of G1 was

calculated, was away from the location of the matrix crack (¢ approaches to 90°).

A completely different distribution of the total strain energy release rate was ob-
tained for the laminate containing no pre-introduced matrix crack. Overall, the values
of Gt were much smaller than those calculated from the laminate containing the matrix
crack. Apparently, the laminate with the matrix crack could initiate the delamination
growth at a much earlier loading stage than the one without. Once the delamination

propagates, it would grow along with the direction of matrix cracking.

Figure 9 shows the sequence of the delamination growth in the laminate with the
matrix crack predicted from the model on the basis of the three dimensional crack growth
criterion (Eq. (5)). The number shown iu the bracket at the upper right corner of each
sub-figure indicates the sequence. The sub-figures were generated by evaluating the strain
energy release rate ratio Ey for various sizes of delaminations. First, the values of Ey
were calculated for a small circular implanted delamination. If delamination growth was
predicted (E4 > 1), then the delamination size was extended slightly along its major
(X-direction, ¢ = 0°) or minor (Y-direction, ¢ = 907) axis according to the predicted
direction of delamination growth. In this analysis, the delamination was only allowed
to grow into either a circular or an elliptical shape. Again numerical calculations were
then re-performed to evaluate the strain energy release rates for the laminate with the
new delamination. This procedure was repeated until the calculated strain energy release
rate ratio was sialler than unity everywhere along the delamination front. The size of
the final delamination was then considered to be the delamination shape corresponding

to the given loading condition.

At the fixed indenter displacement, Figures Y-1 and 9-2 show that the initial delami-
nation grew from a small circular shape into a slender elliptical shape along the direction
at © = 0° with its major axis parallel to the fiber direction of the hottom ply group.
The delamination growth was unstable because the strain energy release rates actually
increased as the delamination expanded. Figure 9-3 indicates the delamination would
continue to expand along its major axis, but the strain energy release rate ratio started

to decrease along the delamination front near ¢ = 0°.

After a substantial growth of the delamination along its major axis, Figure 9-4

7




shows that the strain energy release rates started to increase near ¢ = 75° away fron: the
matrix crack, initiating the expansion of the delamination into the minor axis. However,
a slight expansion of the delamination along its minor axis as shown in Figure 9-5 would
subsequently cause a significant increase of the strain energy release rates along the major
axis. Hence, the del.mination started to grow along the major axis again. Apparently,
the growth of the delamination was predominantly controlled by the delamination front
near the neighborhood where the matrix crack intersected with the delamination. It
is worth noting that at ¢ = 90°, ..rain energy release rates remained to be minimum
regardless of the shape of the del.mination. This implies that no delamination would
grow in this area, leading the delamination to a peanut shape which was frequently
observed from the experiments for this type of ply orientation such as the one given in

Figure 2.

However, a completely different growth patiern was predicted for the laminate con-
taining no matrix crack. First, at the same load, no delamination growih was predicted
for the laminate containing the same small delamination as given in Figure 9-1. An addi-
tional displacement (load) must be applied in order to initiate the delamination growth.
At 0.05 inches of indenter displacement, Figure 10.1 shows that delamination growth
initiated at ¢ = 0°. s the delamination expanded in its major axis from Figure 10-1
to 10-2, the strain energy release rate increased, indicating an unstable growth. It is
oted that as tue d 'amination continued to expand in its major axis, the peak of the
strain energy release rate ratio gradunally shifted more and more toward ¢ = 90 degree,
indicating a much more uniform expansion of delamination. Figure 10-3 indicates de-
lamination expansion in the minor axis due to high strain energy release rates near ¢ =
90°. The distribution of the strain energy release rate ratio along the delamination front
for all the delaminations was :elatively unitforin compared to that of the laminate with
the matrix crack. As a result, the delamination tended to grow into an elliptical shape
with major and minor axis ratio about 2. However, for the same laminate containing a

pre-introduced matrix crack, such ratio was close to 3.

Figure 11 shows the calculated strain energy release rates of Mode I, II, and III for
the laminate crntaining a delamination with and without a matrix crack. Clearly, for the
laminate containing the initial matrix crack, GG; (Mode I fracture) dominated the total

strain energy release rate along the delamination front near the neighborhood where the

8




surface matrix crack intersected with the delamination {¢ = 0°). However, Modes II
and III fractures dominated the total strain energy release rate for the laminate without
the matrix crack. Although the contribution of each Mode on the growth of the delam-
ination strongly depends upon the current shape of delamination, the presence of the
matrix crack clearly play a very important role on the delamination growth. Therefore,
it is very important that the initial matrix crack must be considered in the analysis for
understanding the damage mechanics and mechanism of laminated composites due to -

transverse loading.

1V. CONCLUDING REMARKS .

A finite element analysis was developed for analyzing cross-ply laminated composite
plates subjected to transverse concentrated loading resulting from a spherical indenter.

Based on the analysis, the foll!ing remarks can be made for the laminates studied:

1). the initial matrix cracking affects significantly the growth of delamination resulting

from transverse loading.

(%]
~—

. the surface matrix crack induces the delaminaiion to grow into a slender peanut

shape.

3). Mode I fracture toughness contributes significantly to the growth of the delamination

induced by a bending crack.

Additionally, it is noted that the proposed finite element analysis can also be ex-
tended to study other ply orientations and other loading conditions, such as delamination-

buckling.
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Figure 1. Description of the problem.
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Figure 4. Description of the contact problem.
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Figure 5. Description of a typical finite element mesh.
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Figure 7. The responses of a [0s/902]s composite containing a pre-introduced delamination and

surface matrix crack and subjected to transverse loading resulting from a spherical

indenter. 20
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