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The performance of a three-dimensional comuum damage mechanics (CDM) model for
intralaminar damage, coupled with a cohesive zone model for delamination, is examined for
damage prediction in cross-ply and quasi-isotrpic laminated plates subjected to quasi-static
transverse indentation. Details of the CIM model based on the deformation gradient
decomposition (DGD) method and the finite @ment (FE) modeling strategy are presented
and discussed. Critical features of the damage model and FE modeling approach are assessed
by comparing analysis predictions to expemental data for cross-ply and quasi-isotropic
panels in which damage is dominated by complex interactions between matrix cracks and
delaminations.

I. Introduction

The use of composite materials is increasing in higfiepmance aerospace structures where both stiffness-to-
weight and strength-to-weight considerations are impartBhe general susceptibility of composite materials to
transverse impact damage is a particular concern tetiespace industry because aopinduced subsurface damage
is either difficult or not possible to detect visually frora #xterior surface. Such damamam have a significant effect
on the compressive performance of a structure. Furthermore, the impact problem of composite structures is complex
as itinvolves complicated structuraspense, localized out-of-pila loading, possible strain-rate effects, and complex
damage states [1-5]. Typical damage in impacted lansmasg include a combination of transverse matrix cracks,
delaminations, fiber failure, and permanettténtation deformation at the impact site.

In order to develop damage tolerant design criteria for composite structures, impact testing for material
characterization is required. In accanda with the building block approach to the design of composite structures,
information for the design process is gained by gathering an extensive database of progressively more complex
structural configurations, without having to test a large number of full-scale prototype elements [6,7]. However, the
results obtained from laboratory-scale tests cannot alwagsttepolated to predict the response of large structures
made from the same material because of potential nonlgwading effects. While scaling problems are present in
many aspects of aircraft design, special consideration igeednithe area of foreign object damage (FOD) resistance
and damage tolerance, where the complex nature dbaldéng and failure mechanisms impedes the understanding
of the governing phenomena. In the caskigh-velocity impact events, such lagil ice or runway debris impacts,
where the total contact duration of thepmet event is of the same order ofgniude as the flexural waves traveling
in the specimen, the dynamic response of the targeglidyhiocalized and laboratoigcale configurations can be
employed to simulate the response of larger and marplea structures [4]. In thease of low-velocity impact
events, such as tool drops, the contact duration of the event is much longer, and the global structural response
characteristics of the target stture are more significant [5].
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Figure 6. Experimental and predicted loadversus displacement response for the J@0;]2s cross-ply specimen.

Damage predictions obtained with the FE model at thiaklvels are provided in Fig. 7. The interface beneath
the loaded ply, shown in Fig. 7, is identified as interfhcand the interface above the bottom ply is identified as
interface 6. The analysis results indicate that the firgpmmaatrix crack develops #te center of th bottom surface
at a low load level of 112 Ib (not shown in Fig. 7). The matrix damage was then able to propagate along the fiber
direction and through the thickness of th@dyer, followed by the onset of delamination at th&®@nterface. With
increasing load, more matrix cracks and delaminations develop in ajaed ®0glayers and at all interfaces (Point
A, 247 Ib). With further increase in load, additional cracks developed in the plies, and the delaminations bound by
those cracks grew steadily along the fiber direction (FRir820 Ib and Point C, 555 Ib). In addition, the damage
predictions of the [190;].s cross-ply model indicate that delamination tends to propagate along the fiber direction of
the layer underneath the interfacdraérest and interactsith the matrix cracks adjacent layers.

The predicted damage at Point B shown in Fig. 8, was compared with X-ray/CT images obtained from the test.
Delaminations are shown at the indicataterface, along with matrix cracks in the adjacent plies. The analysis
predictions show good qualitative agreement with the test results in terms of the projected delamination damage size,
orientation, and shape. In addition, the predicted matrix crack pattern captures the dominant fiber-oriented matrix
cracks observed in each ply of the expental specimen. X-ray/CT imageseaich interface show symmetric damage
about the indenter and no delamination damage in #eelarderneath the indentereatch interface. However, the
analysis results show unsymmetrical delamination pattarmd delamination damage in the area underneath the
indenter. With increasing load, the predicted damagerhes more symmetric, similar to test observations.
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B. [+452/02 i45:/90z]s Quasi-isotropic Specimen Results

The predicted load versus diapement response for the [B/ i45,/90,]s quasi-isotropic laminate and the
corresponding experimental results frémee tests are shown in Fig. 9. Audileimissions were recorded in the test
at load levels just below Point A (243 Ib), and a sliglangfe in the slope of the load versus displacement curve was
observed at Point B (342 Ib). X-ray/@hages of the specimen loaded to Pairi243 Ib) indicate a transverse matrix
crack had developed at the center of the panel bottom surface, and there was a small delamination between the bottom
ply and the adjacent ply. The X-ray/@hages of the specimen tested tanP® (342 Ib) indicate development of
matrix damage in all plies and delamination at all intesfae&cept in the interface jadent to the loaded surface.
Images of the specimen tested to Point C (750 Ib) indicate additional matrix cracking, delamination growth, and fiber
damage in multiple plies. Ehpredicted load versus displacement euwas consistent witthe experimental
observations, and shows that oscillation initiates prior to Point A (243 Ib) and lasts until Point B (342 Ib). The analysis
results show that the matrix and delamination damage initiated in all plies and interfaces prior to Point A (243 Ib).
Prior to reaching Point B, all intralaminar and interlamit@mage in model links-up through the laminate thickness.
The oscillations in the analysis results decrease in magratoded Point B, after some amount of damage exists in
all plies and interfaces.

Figure 9. Experimental and predicted loadversus displacement response for the [+48,/ 145/90;]s
guasi-isotropic specimen.

Damage predictions obtained with the FE model at thredéwats are provided in Fig. 10. The interface beneath
the loaded ply is identified as interface 1 in Fig. 10, aedrtterface above the bottom ply is identified as interface 6.
The analysis results indicate that the first majotrixarack developed at ¢hcenter of the bottom +4fayer at a low
load level of 95 Ib. The matrix damage was then abfgdpagate along the fiber direction, through the bottomg45
0 ¢ i45 gand 90dayers thickness with additional small crackipiwed by the onset of delamination at two interfaces.
Delamination onset occurs under the contacted indenter edge of tap giferface and at the bottomd®45q
interface, at a load level of 224 Ib (not shown in Fig. 10). Delaminations formed under the indenter edge propagate
outward from the edge of the indenter, and delaminations formed under the bdttdbghterface propagate along
the +45dfiber direction. With increasing load, delaminationgdoeto form in other inteafes, interacting and linking-
up with the matrix cracks in adjacent layers (Point2A3 Ib). With further increases in load, link-up between
delaminations and matrix cracks propagates rapidlyutirout the specimen, and additional matrix cracks initiate
throughout the laminate (Point B, 342 Ib and Point C, 750 Ib). Since the experiment was not intended for the failure
of the quasi-isotropic specimen, the analysis was completed without any fiber failure within the FE model.
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The predicted damage at Point B was compared Witlay/CT images of the test specimen in Fig. 11.
Delaminations were shown at the indicated interface, aldtigmatrix cracks in the adgent plies. In general, the
analysis results tend to overestimate the delamination ebsasved in the test specimens. However, the symmetric
elongated delamination damage patterns along the fiber diaenté the ply below the intéace were coristent with
test observations. The experimental results show littlevdetdion at interface 1, and no delaminations in the area
underneath the indenter throughout the laminate. However, the numerical results show noticeable delamination similar
to the predicted damage of the cross-ply model. These predicted delaminations underneath the indenter could be
caused by inaccuracies in the loadribisition between the analytical indenégrd the top surface tfie model. During
the test, the indentation on the loadetface caused a residual indentation, due to matrix plasticity and/or damage.
Neither in-plane nor transverse plasticity were utilizethénFE models, resulting in the residual indentation not being
captured. The lack of softening in the models dueatostrerse plasticity may have caused the contact area between
the analytical indenter and the toprfase of model to be smaller than in the test. The more-concentrated load
introduction in the model could have contributed to the erroneous prediction of delamination in the area underneath
the indenter. Overall, the analysis model qualitatively captilme structural response, the damage initiation, and the
observed experimental damage evolution.

V. Concluding Remarks

A study on the performance of a 3-D state-of-the-art CDM model was presented in this paper. The performance
study was coupled with the native Abaqus cohesive elements to simulate damage evolution in cross-ply and quasi-
isotropic laminated specimens subjected to quasi-static gesesmdentation. An FE model with fiber-aligned meshes
in the individual plies was employed to facilitate the depeaient of intralaminar matrix cracks parallel to the fiber
orientation in the ply. The predictgdobal structural response as indicabsdthe load-disgicement curve and the
predicted damage evolution were compared with experahdata to assess the CDM material model and the methods
for performing progressive damage FE analyses. The structural responses of the models agree well with test
observations. Qualitative comparisons of the simulated danstge stith X-ray/CT results indicate that the analytical
models properly simulated intralaminar and interlammatrix damage within a laminated specimen subjected to
static transverse indentation loading, in terms of the segqudamage evolution, the pattern of intralaminar damage,
and the shape of delaminations. Discrepancies between tigsiapaédictions and the experimental results were also
noted. Improved correlation between the test and analysis results may be achieved by developing additional features
for the material damage model. The ability to prediet permanent indentation underneath the indenter requires
improved transverse plasticity modeling. In addition,cacting for the delayed initiation of delamination when an
interface was subjected to compressive loads could improve quality of the predictions in the vicinity of the indenter.
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