M odedling Delamination Growth
in Compositesusing M SC.Dytran

David C. Heming

Assistant Professor
Aerospace Engineering

Horida Inditute of Technology
Department of Mechanica and Aerospace Engineering
150 W. University Blvd.
Melbourne, FL 32901
321 674-7241
dfleming@it.edu

ABSTRACT

Composite dructures present difficult chalenges for crash modding. A vaiety of falure
mechanisms not commonly associated with ductile materids are active in compodte crushing,
including various matrix and fiber falure mechanisms, separation between fiber matrix meaterids
and delaminaion. In this paper, various techniques for mode ddamination growth are
compared usng MSC.Dytran. Researchers have utilized severa techniques to mode
ddamindion growth in composte structures usng finite lement crash codes.  Among thee are
usng spotweld eements to represent an interface, a cohesive fallure mode and the fracture
mechanics-based virtual crack closure technique (VCCT). These three methods of predicting
ddamination growmth ae compaed for an illudrative fracture mechanics problem.  While
relaively easy to implement, the spotweld method does not have a strong physicad basis, and a
priori sdection of falure forces is difficult. The cohesve falure modd avoids some of the
deficiencies of the spotweld method, for example by dlowing energy to be absorbed by the
delamination growth process, and by reducing problems associated with &orupt, finite crack
extendon. This method is redively essy to implement, though some unconventiona property
data ae required. The virtud crack closure technique dlows accurate predictions of
delamination growth to be achieved. However, the computationd demands of this method for
crash andyss ae grest. A sample structural problem of a scaled arcraft fusdage dructure
containing foam-cored sandwich dructures is reviewed. Separation of facesheets from the core
materid was a dgnificant factor in the crushing response of the tet atide  Faceshedt
delamination is modeled using the spotweld method. Reaults illustrate some of the difficulties in
accurately modeling the response of a composte dructure exhibiting ddlamination. The paper
concludes by presenting the author's perspective on the role of delamination modding in crash
andyss.



INTRODUCTION

Composite dructures present many chalenges for crash modding. Some of these difficulties
are illusrated by a photogragph of a composte structure being crushed under |aboratory
conditions (Figure 1). Severd falure mechanisms not commonly associated with the crushing of
ductle maerids ae active incduding vaious marix and fiber falure mechanisms and
separation between fibers and the matrix materid.  Although not visble externdly in Figure 1,
interna cracks form between layers of different fiber architecture. The size and patterns of these
interna cracks are drongly correlated to the overdl energy absorbency of the structure [1].
There is a large vaiety in the globd crushing behavior that may be exhibited by composte
dructures [1,2]. In addition to the “splaying” falure mode seen in Figure 1, in which the largdy
unidirectiond composte separates into two primary sublayers, one of which moves toward the
interior of the tube, while the other spreads toward the outsde in a mushroom shape, other
falure modes are possble. For lay-ups with fibers predominantly perpendicular to the loading
direction, a “transverse shearing” fallure mode may occur in which progressve shear falures
near a surface of crushing initiation dominate the crushing behavior of the laminate without the
formation of large fronds. Particulaly for Kevlar-reinforced compostes, or hybrid laminates
containing Kevlar, a loca buckling mode smilar to the accordion buckling behavior typica of
metdlic tubes may occur. For each of these falure modes, a complex interaction of smal-scale
behaviors governs the overdl crushing behavior. The three composte crushing modes, as
identified by Farley [2], areillustrated in Figure 2.

It is clear that ddlamination behavior is fundamentd to the crushing response of composites.
Even if the detalled crush morphology of a composte dructure is not consdered, ddamination
can have a dgnificant influence on the crushing performance of composite structure.  Bonded
joints, the use of sandwich sructures, and internd discontinuities such as ply drop-offs are dl
indances in which macro-scae delaminations can initiste.  Whether or not a ddamination forms
or propagates from such alocation could sgnificantly dter the crash behavior of a dructure.

In this paper, the author reviews the literature on modeling composite crushing behavior with
an emphasis on the role of ddaminaion. Vaious techniques to modd ddaminaion growth are

FIGURE 1 QUASISTATIC CRUSHING OF A FIGURE 2 COMPOSITE CRUSHING
SQUARE PULTRUDED GLASSPOLYESTER TUBE MODESIDENTIFIED BY FARLEY [2]



compaed usng MSCDytran. Resllts from a sample problem illustrating the role of
delamination growth in crash modeling are presented.

LITERATURE SURVEY

For weight efficiency, a composte energy absorbing eement should exhibit a crushing mode
in which wholesadle destruction of the composite results from an impact event rather than one in
which globd collapse of the dructure results  Thus, the complexity of the composite crushing
phenomena described above must be addressed in some way if a crash modd of an efficient
composite structure is needed. Various authors have attempted to address this problem.  Finite
element models of smple composite specimens such as tubes or cones are made and modded
under smulated quasgatic or dynamic crushing loads. Despite the smplicity of the geometry
and loading conditions of the modded cases, such modding problems are extremdy difficult. It
is a tetament to the complexity of the crushing phenomenology that despite numerous efforts
and years of study, no completely successful predictive model of composite crushing has been
achieved, to the best of the author’s knowledge. The following paragraphs describe some of the
efforts that have been made by previous researchers to mode the crushing of smple composite

specimens.
IN-PLANE FAILURE AND DAMAGE MECHANICS

For efficent modding, compodte dructures are often represented by shdl dements.  The
properties of the shell dements dlow for arbitrary composte lay-ups and may alow falure and
property degradation of eech individud ply to be predicted usng ether conventiond in-plane
falure predictions or other damage mechanics models. Because such fallure models do not
typicdly dlow treetment of out-of-plane falures paticulaly ddamination, the generd crushing
behavior of composites cannot be modeled. Such approaches are therefore more likely to be
effective for materid and dructurd configurations that result in falure modes such as locd
buckling, or are dominated by globa effects such as tearing of a wdl, than for falure modes tha
result in wholesde destruction of the materid. As a result, the success of these gpproaches is
more likdy for materid/dructurd configurations that have suboptima energy  absorbing
peformance. Some of the efforts reported in the literature for modeling composte crushing
using these methods are reviewed in the following paragraphs.

Haug et a. [3] describe a compodgtes damaging modd implemented in PAM-CRASH. This
model treats the fiber and matrix in a filamentary composte as digtinct phases from which the
overal properties of the ply are derived. Damage parameters are introduced for the fiber and
matrix phases. The vdues of these parameters are determined based on volumetric and
deviatoric strain components in each of the phases. Elastic properties of the phases are reduced
according to the cdculaed damage parameters. Reference 3 describes some  initid
invesigations using this method to predict the crushing of composte tube dructures, such as
might be used in automotive applications. The modd agppears to be successful for modeling
columns that fall in alocd buckling fallure mode or by progressve folding from one of the ends.
For a dructure with a more brittle failure mechanism, the results appear less encouraging. Other
researchers have used and advanced this method. Kermanidis et d [4] used this approach to
mode the crushing of a snewave beam dement. Comparison with experimenta results is not
clear, but the crushing load appears b have been underpredicted. Kohlgriber and Kamoulakos



[5] used the PAM-CRASH bi-phase mode, enhanced to handle fabric compostes, to mode the
crushing of carbon/Kevlar hybrid composte tube segments (roughly semicircular) as well as
amulated dements of helicopter subfloor Structures. For the tube segment models, it was noted
that behavior such as ddamination in the crashfront could not be modeled, and a more detailed
modd usng solid eements and breskable congraints a ply interfaces was attempted to produce
better results.  For the larger structura models, a reasonable agreement between finite eement
and experimentd results is shown. However, photographs of the deformed specimens show that
falure is dominated by large-scde falures such as tearing a dructurd intersections and
buckling of wals and tha rdaivey little wholesde crushing behavior is evident. Johnson and
his collaborators [6,7] show additiona models based on this approach.

Other damage mechanics models have been proposed. Farugue and Wang [8] present a model
in which dastic properties of a ply are degraded by two damage parameters controlled by tensile
drains in the shell dement. The properties are relaied to the fiber principle directions, and do
not utilize a micromechanics approach as in the bi-phase modd above. A modification of the
modd to account for indagtic behavior typica of braided compogtes is dso shown. Reaults for
a braded glassvinylester tube are shown and compared with experimentd results. Lee and
Smunovic [9] present a conditutive modd for random fiber compostes based on an
elastoplagtic moddl. Progressive fiber/matrix debonding is predicted based on a Satisticd modd.
The modd is implemented in DYNA3D, and demondirated for a problem involving the crushing
of a square tube. Failure is dominated by tearing of the compostes a the corners. Tabe and
Chen [10] present a micromechanicd modd for composites. Various falure criteria are gpplied
to predict behaviors such as fiber fracture, matrix cracking, and fiber microbuckling. A modd of
a square graphite/epoxy tube is shown, but no comparison with experimental results is made.
The failure mode in the finite e ement modd gppearsto be afolding mode.

A different gpproach from the damaging modeds described above, based on classica laminated
plate theory, is presented by Matzenmiller and Schweizerhof [11]. Failure of plies is predicted
based on ply stresses and conventiona strength properties. However, some features are added to
address the crushing response of composite sructures, dbet in an empiricd fashion. An eroson
feature is used to diminate dements if the time step becomes too smal compared to the origind
time dsep (roughly equivdent to a maximum compressve strain criterion). A “crashfront” is
then defined from dements sharing nodes with ddeted dements.  All drength vaues for
elements in the crashfront are reduced by a softening factor, which is empiricaly determined as
the ratio between the crushing sress in a tube crushing test, and the sress corresponding to first-
ply falure under axid compresson based on the in-plane falure theory. |If effective this should
provide an empirical factor forcing the dress in the crashfront to correspond to the ested vaue.
Congdering ply degradetion rules, however, it is not clear that softening each of the srength
criteria will correspond exactly to limiting the dress in this way.  Furthermore, locdized
buckling of materid in the crashfront can deral the effectiveness of this method. Matzenmiller
and Schweizerhof [11] show corrdaions between experimenta and finite eement results for a
13-ply glassivinylester tube usng LS-DYNA. A remarkable agreement is shown. The authors
note, however, that agreement was due to the ability of the modd to capture the “loca folding”
falure mechanism seen in the experiment. It is not clear how effective the approach would be
for splaying type falure mechanisms, in which ddamination plays a larger role in the response
and the deformed shape may play a role in gabilizing the materid in the crashfront. Results of a
samilar modd, this time of a tube triggered by an internd plug triggering mechaniam, ae
presented by Kerth and Maer in Reference 12. While the agreement with experimenta results is



shown to be good, the authors note that a reason for the discrepancies that exist is that, “the
material mode implemented ...cannot explicitly take into account delaminaion.” An gpparently
smilar modd is shown by Castgon e d [13]. However, dmost no details about the modeing
techniques are given.

Some recent efforts have attempted to introduce drain rate effects into the modding of
composte dructures.  Feillard [14] modded foamfilled e-glassivinylester compostes using a
modified Johnson-Cook mechanica law, with properties based on high rate tengle tests of the
glass mat materid. Good corrdations between experimental and finite dement results are shown
for tubes specimens. However, the author notes that modeing problems reman redive to
accurate modding of the bonding between the composite and the foam. Furthermore, it is not
clear how applicable this gpproach would be to composite systems other than the glass mat used
in the sudy. Philipps et d [15] present work on characterizing the response of composites to
high strain rates for application to crash models.

PHENOMENOLOGICAL MODELING OF COMPOSITE CRUSHING

The fallure and damaging modeds described above appear to be effective for structures whose
falure modes are governed by large-scae laminate failure or locd indability. However, these
models (or perhgps any modding approach based on modeling a laminate by a single shdl) may
be limited in ther ability capture the full range of behavior present in the crushing of a
composte specimen.  If delamination is a dgnificant part of the crushing behavior, specidized
procedures must be introduced into the modd to account for it. Various authors have attempted
to produce more detailed modes of the crush zone in composite sructures. These efforts are
reviewed in the following paragraphs.

Perhaps the earliest attempt to modd the crushing behavior of composites was reported by
Faley and Jones [16]. They used a datic finite eement modd to predict the crushing
performance of composte tubes The laminate was modeled as an assembly of plate elements
representing the plies joined by gsprings representing the ply interfaces  Deaminatiion was
predicted usng a virtud crack extensgon technique. Corrdation with experimenta results was
reesonable given the limited phenomenology modded. Smilar modes featuring progressve
delamination growth were developed by severa researchers for more detailed application to
crushing andyds.  Kindervater [17] describes a quasidatic finite dement modd used to study
the initiation of crushing damage in a composte laminate under quesddic crushing loads.
Initiation and propageation of deamination damage was modded by predicting falure in resn
layers modded between plies in the finite dement mesh. The author, with Vizzini, [18]
developed a 2-D, quadddic finite ement mode applicable to the crushing of composte plates.
Dédamination between plies was modeled based on drain energy release rates computed using
the virtud crack closure technique. The modd quditaively captured some of the physca
behavior of plate crushing, but due to the limited falure phenomenology included in the modd
did not yield accurate predictions of crushing stress. Hamada and Ramakrishna [19] developed a
finite dement modd for the crushing of composte tubes that exhibit a splaying falure mode, in
which a dngle primary delamination divides the laminate into two fronds that are forced away
from each other by a wedge of compacted debris. The initid finite dement mesh included a
representation of a pre-exising debris wedge and delamination crack. Extenson of the centrd
crack separating the fronds was predicted by cdculating a dress intengity factor, K, at the crack
tip. This goproach is limited by its reliance on a predefined crush zone morphology and linear
computation aswell as by limitationsin the fracture mechanics used in the modd.



More recently, finite dement crash codes have been used to make detalled models of laminate
crushing. Bolukbas and Laananen [20] modeled the crushing of a grephite/epoxy plate usng an
enhanced verson of the implicit code NIKE3D. Ther modd was essentidly a rectangular mesh
of solid dements.  An initid crack was assumed at the midplane of the laminate, and due to the
assumption that the resulting deformation would occur in a splaying mode only one hdf of the
laminate thickness was modded. Strain energy release rates were calculated and used to predict
delamination a vaious ply intefaces. Boundary conditions near the outer supports were
rdeased following falure of the materid near the Sdes of the dements to mimic the physcd
supports in the plate crushing test that was being modded. The authors show a good correlation
between the computed and experimental crushing stresses, while noting that their results were
sengtive to the friction coefficient used for contact between the composte plies and the sted
crushing surface.  Kohlgriber and Kamoulakos [5] modded the crushing of a composte semi-
creular laminate usng the finite dement crash code PAM-CRASH. The laminate was modeled
by discretizing each ply separatdly. Hies were held together by multipoint congraints.
Delamination growth was predicted based on the forces resulting from the condraints. The
model showed qudlitative agreement with experiments in terms of the deformation shape, though
the crushing force was underpredicted. Boonsuan [21] made some preiminary atempts to
modd the initiation behavior of graphitelepoxy composite plates under crushing loads using
MSC.Dytran. The results showed a strong relationship between assumed initid deamination
geometries and subsequent deformation shapes in the crush zone. Tay et d [22] present some of
the most detailed modes of the crush phenomenology of composite laminates to date.  They
modded a detall of the crushing zone for a carbonpeek composte. The modes are
phenomenologicaly based, and use an initid mesh that is desgned to trigger a splaying type
deformation mode. Because solid dements are used, there is a practica limitation to the number
of ply delaminations that can be modded. The authors permitted ddaminations & a smaller
number of intefaces than existed in the physcd dructure (20 plies). Axisymmetric and 3-D
models of a portion of the ring of a tube dructure were made usng ABAQUS. Deamination
growth was predicted based on the tensle and shear forces generated by tied connections
connecting nodes on opposte Sdes of a laminate inteface.  Reasonable agreement with
experiments is achieved. However, the authors note that the goa of accuratedly modeling the
crushing behavior of acomposite “does not yet appear to have been achieved.”

The models described above demondrate the potentid for modding composte crushing
behavior by usng finite dement modds based on smplified crushing phenomenology. Good
corraions are obtained in many cases usng modds that do not fully cepture al aspects of
crushing damage observed experimentdly, provided sufficient attention is given to the aspects of
crushing that mog directly control the response.  In most of the previous sudies, delamination is
identified as a criticd component of crushing behavior.  Experiments on the crushing of
composte laminates under axid crushing loads have shown that the gppearance and growth of
delaminations can dgnificantly influence the energy absorbency of the laminate [1,2]. Lage
delaminations may result in reduced amounts of fiber and matrix damage in a laminate if
crushing displacement can be accommodated by bending of the sublaminates.  Therefore,
delamination moddling is criticad for accurate modding of the crushing behavior of composte
laminates.



DELAMINATION MODELING

Researchers have used severd techniques to modd deamination growth in composte
dructures using finite dement crash codes. Among these are usng spotweld eements to
represent an interface [5,23,24], a cohesive failure modd [25] and the fracture mechanics-based
virtud crack closure technique (VCCT) [20,26]. These three methods of predicting delamination
growth are compared usng MSC.Dytran for an illudraive fracture mechanics problem. A
dynamicaly loaded, adhesively bonded graphite/epoxy double cantilever beam (DCB) specimen
is moddled. Finite dement crack propagation results are compared with experimentd data from
the literature [27]. References 26 and 28 describe the finite dement modding efforts. Al
models of the DCB dructure were made using solid eements to represent composte
sublaminates on opposite ddes of the ddamination interface.  The inteface between the
sublaminates is modeed usng ether spotweld dements or usng EXELAS user-defined springs
for the cohesive failure and VCCT gpproaches. Sample results using each of these methods are
presented below.

SPOTWELD METHOD (TIED CONNECTIONS WITH FORCE-BASED FAILURE)

By this method, as described by previous researchers in References 5, 23 and 24, nodes on
oppodte ddes of an inteface where ddamination is expected are tied together using spring
elements, rigid rods, or other condraints. If the congraint forces exceed some criterion, the
condraint is released and the delamination grows. Spotweld dements in MSC.Dytran may be
used for this purpose in a draightforward fashion. The primary disadvantages of this method are
that the fallure forces done are not an accurate predictor of fracture phenomena, and there is
consequently no srong physcd beds for determining the falure forces. However, some
previous researchers have shown good corrdaions with experimental results using this method
[23]. Recent results by the author with Fasandla [24] on modeling a scaed fusdage concept
exhibiting debonding of composite facesheets from foam cores using the spotweld technique are
described below.

To modd the DCB gpecimen, rod eements (CROD) referencing MSC.Dytran's spotweld
(PWELD) failure property are used to represent the adhesive interface.  This property caculates
the forces generated in the rod eement as it ties two nodes together, and predicts failure if the
magnitude of the tota force or its components exceeds specified strength values. For the case of
the pure Mode | DCB problem under study, no shear forces are expected and the fallure criteria
reduces to a dmple maximum force criterion. To mode delamindion, an gppropriate tensle
falure load Fne (FAILTENS) must be determined. This load was estimated from typicdl
properties of epoxy according to Fy » s, A,, Where s is the strength of the adhesive and A is

the interface area modeled by a spring element. Because strength properties for the epoxy used
in Reference 27 were not avallable, a typicd vaue of sy of 80 MPa was used. This yieded a
vdue of 0.08 kN for Fne. Crack growth histories were produced using this vaue and using
vaues of the falure force spanning gpproximately an order of meagnitude around this vaue.
Figure 3 shows ddamination length versus time curves for DCB specimens loaded by an opening
displacement rate of 23 m/s. MSC.Dytran results usng a variety of failure forces are compared
with experimenta data from Reference 27. Although a reasonable agreement with experimenta
results is obtained usng the estimated falure force, these reaults illusrate the sengtivity of the
delamination propagation response to the choice of spotweld failure force.



COHESIVE FRACTURE MODEL

An improvement to the spotweld method was developed by Reedy et d [25]. They used a
cohesve falure model to represent the properties of the interfacid materid. The force
displacement response of interfacia eements is based on classica cohesve falure behavior, as
shown in Fgure 4. Properties defining the force-displacement response are obtained from the
conventional criticdl energy release rates, and from harder-to-obtain cohesve zone length or
maximum force. The use of the cohesive modd avoids some of the deficiencies of the spotweld
method. For example, the cohesve modd alows energy to be absorbed by the delamination
growth process, and reduces spurious dynamic effects associated with &brupt, finite crack
extenson. Reedy et d [25] implemented this model in PRONTO3D using a specid hex eement.

For the present evauation, this mode was implement in MSC.Dytran using EXELAS use-
defined soring eements to provide stress-separation response according to Figure 4. CELASL
goring elements referencing the cohesve modd EXELAS subroutine are used to modd the
interface.  Due to the smple geometry and loading of the DCB specimen, only springs in the
Mode | orientation were included. As can be seen from Figure 4, the cohesve falure modd
requires two parameters to define the curve. Reedy et a [25] define the area under the curve for
u, £d£ u_asthe critical energy release rate. The second parameter must be ether uc, Umax , OF
some relaionship between these two quantities. Figure 5 shows results from the MSC.Dytran
model of dynamic DCB behavior based on the cohesive fallure mode for two loading rates. For

these cases, G, was taken from experimental results in Reference 8. =/ was taken to be 10.
Reaults show that in an average sense the crack growth is wel modeled for the dower
displacement rate, though details of the dynamic response are not captured. At the higher

opening diglacement rate the experimenta response is wdl captured initidly, but the finite
element result diverge from the experiment after someinitid displacement.
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VIRTUAL CRACK CLOSURE TECHNIQUE (VCCT)

The virtud crack closure technique (after Rybicki and Kanninen [29]) is often used by
researchers in the area of fracture mechanics. Energy release rates are caculated from noda
forces and displacements in the vicinity of a crack front and compared to critica property data to
predict crack growth. For mode I, the strain energy release rate is computed as follows:

1
G, »ﬁF' (u -u,

where F, is the force in the spring digned with the mode | direction, and u* and u™ are the nodal
displacements in the mode | direction a the nodes immediately ahead of the crack front. These
displacements are computed relative to a rotating coordinate frame defined relative to the bond
aurface.  DAis the increment in intefacid area associated with falure of the spring dements.
Mode Il and Mode Il energy release rates are computed in a Smilar fashion. Like other fracture
mechanics techniques, the VCCT is sendtive to mesh refinement. However, it is less so than
other fracture modeling techniques that require accurate cdculation of Stresses in the singular
region near a crack front. Further, the use of conventional force and displacement variables
obviates the need for specid dement types sometimes used for fracture modeling that are not
avalable in crash codes. Among the methods studied, the VCCT has the strongest physicd
bass, and the greatest research history. However, it must be recognized that the accuracy of this
method caries a substantiad  computational burden due to the reaivey smdl mesh gSzes
required.

To employ the VCCT usng MSC.Dytran, spring dements are used to effectively modd an
interlaminar region.  Falure of goring dements in the modd represents crack growth.
Cdculation of energy release rates and falure prediction was caried out using user-defined
EXELAS soring properties.  The diffness of the interfacid springs is selected based on a smple
elagic foundation modd. Tests showed little senstivity of the results to the choice of spring
diffness. For smplicity of computation, it was assumed that nodes located on opposite Sdes of



the bond fal upon the same norma vector. No offsat in the plane of the bond is permitted
between the endpoints of the springs. To permit generd loading, three springs are co-located at
eech nodd location on the bond surface, acting in mutudly perpendicular directions
corresponding to the three fracture modes. The EXELAS subroutine determines whether each
soring is located a a crack front, and if so it computes the energy release rate components at that
point. Once dl components of the energy release rate are calculated, a mixed mode fracture
criterion is checked. If crack growth is detected, the forces in the springs at the Ste are st to
zero, ad are ignored in future time steps. The EXELAS procedure was written to predict crack
growth according to a linear fracture law. For the DCB modds, however, results are dominated
by Mode I, and the choice of fracture law is not ggnificant. Criticd vaues for drain energy
rlease rates are obtained from dynamic tests reported in the literature [27] for use in the
following examples The procedure as used in this sudy does not permit different vaues of the
critica dtrain energy release rates to be used for initiation and propagation, though in principle
such effects may be readily added.

Figure 6 compares finite dement results usng VCCT with experimentd results reported by
Blackman et a [27] for opening displacement rates of 2.1 m/s and 23 m/s. No strong loading
rate dependence on the criticd drain energy release raies was observed in the experiments
modded, dthough the drain energy release rate upon crack arrest was somewhat different from
the initiation vaue [27]. Congdant vaues of the criticd Strain energy release rate, obtained from
the initiation vaues given in Reference 27, were used in the finite dement modd.

For the opening displacement rate of 2.1 nVs, both the computation shown in Figure 6(a) and
the experimenta results from Reference 27 show a decrease in average crack velocity near a
time of 5 ms and a crack length of 60 mm, though the ddamination initiation is more abrupt in
the finite dement mode than in the experiment. Such changes in crack velocity ae
characterized in Reference 27 as a “gick-dip” behavior resulting from aternate periods of crack
growth and crack arrest and occurs severd times in the experiment at this opening rate.  This
behavior is dso evident in the finite dement results shown in Figure 6(a). At higher loading
rates, the prominence of this gick-dip behavior diminished in the experimentd behavior,
resulting in a sngle plateau in the crack length versus time curve, beginning a about 1.5 ms A
smilar, though shorter, plateau occurs in the finite dement results shown in Figure 6(b). For
eech of these cases, the time to find falure of the DCB specimens computed by the finite
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dement modd is within aout 10% of the experimentdly measured vaues. These results
demondrate the ability of the current gpproach to accurady capture Sgnificant aspects of
dynamic fracture behavior.

SANDWICH TRUSS FUSELAGE MODEL

The author with Fasandla [24] used MSC.Dytran to modd the crushing of a composte
arcraft fusdage concept that utilizes foam-core composte sandwich structures arranged in a
truss-like pattern as a subfloor energy absorbing sysem. The sandwich truss subfloor, described
by Fasandla and Jackson in Reference 30, is shown in Figure 7(d) from Reference 30. The
subfloor truss members are contained between a 4iff sructurd floor, which caries flight and
pressure loads, and a thin outer skin. The skin is designed to readily deform in a fashion tha
promotes the engagement of the subfloor energy absorbing members.  This subfloor concept has
been subsequently refined to improve the energy absorbing characteristics of the structure [31].
However, modding the origind sandwich truss concept dlows the effectiveness of modeing
delamination as part of a crash modd to be evaluated. The finite dement modd of the structure
is shown in Fgure 7(b). The experimenta aticde and the finite dement modd in Figure 7 are
shown in an upsde-down configuration with the floor a the bottom of the figure and the
impacting surface & the top.

Teding of the experimentd article is described in Reference 30. Deails of the finite dement
model and comparison with experimenta results are given in Reference 24. The subfloor was
faboricated udng sandwich dements comprised of single-layer E-glasslepoxy facesheets and a
PVC foam core. The sructure was crushed between flat surfaces under a uniform loading rate of
20 in/min.  Photographs of the experimenta damage sequence from Reference 30, shown in
Figure 8() bdow, illudrae the dgnificance of facesheet-core debonding on the crushing
behavior. To mode this behavior requires an explicit trestment of ddamination.  After
reviewing various methods, as described above, it was determined that the spotweld method
would be most appropriate. Energy release rate property data are not available for the skin/core
interface used in the experiment. In the absence of rdiable materid property data, the use of
more rigorous fracture mechanics method is not judtified. Solid eements were used for the core
material, and shell dements for the facesheets and skins.  Facesheet/core interfaces were
modeled usng rod eements with spotweld (PWELD) falure properties to join the composte
facesheets to the cores. The reference surface of the shell dements on the interface was offset to
coincide with the interface.

Materid properties for the E-glassepoxy skin and facesheet materids are those used in
Reference 30. Skin and facesheet dements were modeled using PSHELL dements with eagtic-
plasic DMATEP propetties. The only available properties of the core were generated from
crush tests conducted a NASA Langley Research Center. The foam was modeled using solid
edements with the PSOLID materid property data referencing the FOAM1 crushable foam

@ (b)

FIGURE 7 SANDWICH TRUSS FUSELAGE SECTION, (a) EXPERIMENTAL ARTICLE [7], AND (b)
FINITE ELEMENT MODEL
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FIGURE 8 DEFORMATION SEQUENCESFOR (i) EXPERIMENTAL ARTICLE[30], (ii)
FINITEELEMENT MODEL WITH NORMAL AND SHEAR FAILURE PROPERTIES OF
2.0, 1.0, AND (iii) FINITE ELEMENT MODEL WITH NORMAL AND SHEARFAILURE

PROPERTIES OF 04, 0.15

materiad property. Data from two separate crush tests were combined to generate the input
property data: a large displacement uniaxia test up to 90% dgtrain, and a separate test up to 1%
drain which showed a greater initid modulus of the foam than was gpparent from the large srain
tes. The use of the FOAM1 property in this application is not ided in some respects. The foam
initidly acts as a core materid, and its bending properties may not be wel modeed by the
FOAM1 property. Also, the FOAM1 property assumes a zero Poisson's ratio, which may not be
accurate for the PVC foam used in the Sructure.  However, given the input data available, and
the mixed use of the foam (core materid a rdativey smal displacements, crushable materid at
large displacements), the use of this property seemed to be a good compromise.

As discussed above, the PWELD tendile and shear failure forces act as empirica parameters
for predicting delamination. With sufficient experimenta data for comparison, vaues that alow
reasonable corrdaion between the finite dement and experimental results may be obtained. For
this moddl, approximate values of these falure forces are estimated based on materid srength
data The tendle srength of the foam is likdy to be consderably less than that of the epoxy, and
is therefore likely to largely control the tendle drength of the interface. However, no tensle
srength properties are known for the PVC foam used in the experiment. Based on published
properties of other types of PVC foam a tensle strength of approximately 140 ps is assumed.
Usng the nomind interfacid area represented by the spotweld dements in the mode results in
an goproximate tendle falure property of 04 pounds. Smilaly, the shear falure propety is
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FIGURE 9 COMPARISON OF EXPERIMENTAL [30] AND FINITEELEMENT LOAD-
DISPLACEMENT RESPONSE

estimated to be 0.15 pounds. These values are used as sarting points for comparison. Different
vaues of PWELD failure properties are dso considered.

Computed deformation shapes for two sets of PWELD falure strengths are compared to
experimental displacements in Figure 8. Figure 8(ii) shows displacements for the finite dement
run that provided the best quditative comparison with experimentd load data.  Figure 8(iii)
shows displacements for the finite dement modd usng the drength values estimated above.
Load-displacement results, shown in Fgure 9, illusrate that a reasonable agreement is made
with the experimentd results for the finite dement mode corresponding to Fgure 8(ii). In this
case, two plateaus in the crushing load ae observed at approximately the same magnitudes as in
the experiment. However, for cases in which the delamination behavior more closdy captured
the experimental response the crushing load was sgnificantly underpredicted.

CONCLUDING REMARKS

The need for accurate, predictive finite dement modds of composite sructures is increesng
due to the increased use of compostes in crashworthy structures in both the automotive and
aerogpace indudtries.  However, modding composite crushing behavior is a chalenging problem.
The smdl scde of the crushing damage, the complexity of the interaction between falure modes
occurring on a vaiety of scdes, the lack of reiable materid characterization of Sgnificant
factors (such as friction coefficients, dynamic dedamination fracture toughness, eic.), and other
factors dl make the problem difficult. Truly predictive modes of the crushing behavior of
composites may not be achieved in the near term, though various researchers have made progress
in this arlea While currently exigting phenomenologica composite crush models may be used to
help identify criticd parameters in the crushing response of a paticular materia/geometry
configuration, they may be impractica for engineering crash andyss More smple damaging
models present an dternative, but their predictive capability for representing the response of
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composite dructures subject to wholesde crushing damage is questionable.  Other techniques,
perhaps, need to be pursued to fill the void. It seems clear that one of the key areas requiring
additiond attention isthe role of ddamination.

Vaious methods for modding deamination growth as pat of a crash mode have been
evduaed. Accurate ddamination growth modding can be achieved. However, two factors
maeke the use of such modds difficult. Fird, the mesh sze required for accurate delamination
prediction is smdl by the sandards of engineering crash models. This may impose a prohibitive
computationd burden, paticulaly when using an explicit code, such as MSC.Dytran. Second,
the dynamic property data required to predict delamination growth are not esslly obtained.
Criticd energy release raes may vary as a function of loading rate; may have different initiation,
propagation and arest vaues, and are difficult to aoply for mixed-mode loading conditions.
Until these modding and materid characterization issues are overcome, the smple “spotweld’
method of modeling an interface may present the best choice for use in a crash modd. However,
a subgantid amount of experimenta correlation may be required to provide confidence in its use
for any specific materid/geometry combination. This method is therefore unlikely to result in a
true predictive tool for finite dement crash moddling.

ACKNOWLEDGEMENT

This research was supported by the NASA Langley Research Center under contract number
NAG-1-2061. Dr. Karen Jackson was the contract monitor.

REFERENCES

1. Hull, D, 1991. “A Unified Approach to Progressive Crushing of Fibre-Reinforced Composite Tubes,”
Composites Science and Technology, 40:377-421.

2. Farley, G. L., and R. M. Jones, 1992. *“Crushing Characteristics of Continuous Fiber-Reinforced Composite
Tubes,” Journal of Composite Materials, 26(1):37-50.

3. Haug, E., O. Fort, A. Tramecon, M. Watanabe and I. Nakada, 1991. “Numerical Crashworthiness Simulation of
Automotive Structures and Components Made of Continuous Fiber Reinforced Composite and Sandwich
Assemblies,” SAE Technical Paper Series 910152.

4. Kermanidis, Th.,, G. Labeas, C. Apostolopoulos, and L. Michielsen, 1998. “Numericd Simulation of
Composite Structures under Impact,” Proceedings of the 1998 5™ International Conference on Structures under
Shock and Impact, Thessaloniki, Greece, June 1998, pp. 591-600.

5. Kohlgriber, D., and A. Kamoulakos, 1998. “Validation of Numerical Simulation of Composite Helicopter Sub-
floor Structures Under Crash Loading,” Proceedings of the 54" AHS Annual Forum, Washi ngton, DC, May 20-
22,1998, pp. 340-349.

6. Johnson, A. F., C. M. Kindervater, D. Kohlgriiber and M. Lutzenburger, 1996. “Predictive Methodologies for
the Crashworthiness of Aircraft Structures, Proceedings of the 52" American Helicopter Society Annual
Forum, Washington, DC, June 4-6, 1996, pp. 1340-1352.

7. Johnson, A. F., and D. Kohlgriber, 1997. “Modelling the Crash Response of Composite Structures,” J. Phys 1V
France, Colloque C3, Supplément au Journal de Physiquelll, (in English) 7:C3-981-C3-986.

8. Farugue, M. and H. C. Wang, 1995. “Crash Analysis of Structures made of Laminated Fibre Reinforced
Composites,” Proceedings of the 1995 ASME International Mechanical Engineering Congress and Exposition,
Nov. 12-17, 1995, San Fransisco, CA, AMD-Val. 210/BED-Val. 30, pp. 191-201.

9. Lee H.-K,, and S. Simunovic, 1998. “Constitutive Modeling and Impact Simulation of Random Carbon Fiber
Polymer Matrix Composites for Automotive Applications,” 00FCC-120, SAE, 1998.

10. Tabiei, A., and Q. Chen, 2000. “Micromechanics Based Composite Material Model for Impact and
Crashworthiness Explicit Finite Element Simulation,” Proceedings of the 6" International LS-DYNA Users
Conference, Dearborn, M1, April 9-11, 2000, pp. 8-57:8:76.

14



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

3L

Matzenmiller, A., and K. Schweizerhof, 1991., “Crashworthiness Simulations of Composite Structures —a first
Step with Explicit Time Integration,” in Nonlinear Computational Mechanics State of the Art, P. Wriggers and
W. Wagner, eds., Springer-Verlag, Berlin, 1991.

Kerth, S., and M. Maier, 1994. “Numerical Simulation of the Crashing of Composite Tubes,” Proceedings of
the 4™ International Conference on Computer Aided Design in Composite Material Technology, June 1994,
Southampton, UK, pp. 141-148.

Castgion, L., J. Cuartero, R. Clemente and E. Larrodé, 1998. “Energy Absorption Capability of Composite
Materials Applied to Automotive Crash Absorbers Design,” from Polymer Composites and Polymeric
Materials, proceedings of the 1998 SAE International Congress and Exposition, February 23-26, 1998, Detroit,
M., pp. 37-46.

Feillard, P., 1999. “Crash Modelling of Automotive Structural Parts Made of Composite Materials,” SAE
Technical Paper Series 1999-01-0298, from Polymer Composites and Polymeric Materials for Energy
Management and Occupant Safety, Proceedings of the 1999 SAE International Congress and Exposition,
March 1-4, 1999, Detroit, MI.

Philipps, M., L. Patberg, R. Dittmann and H. Adam, 1998. “Structural Analysis and Testing of Composites in
Automotive Crashworthiness Application,” from Safety and Material Test Methodologies, proceedings of the
1998 SAE International Congress and Exposition, February 23-26, 1998, Detroit, M., pp. 97-101.

Farley, G. L., and R. M. Jones, 1992. “Prediction of the Energy-Absorption Capability of Composite Tubes,”
Journal of Composite Materials, 26(3)388-404.

Kindervater, C. M., 1995. “Crashresistant Composite Helicopter Structural Concepts - Thermoset and
Thermoplastic Corrugated Web Designs,” Proceedings of the AHS National Technical Specialists’ Meeting on
Advanced Rotorcraft Sructures, Williamsburg, VA, 1995.

Fleming, D. C,, and A. J. Vizzini, 1996. “Off-Axis Energy Absorption Characteristics of Composites for
Crashworthy Rotorcraft Design,” Journal of the American Helicopter Society, 41(3):239-246.

Hamada, H., and S. Ramakrishna, 1997. “A FEM Method for Prediction of Energy Absorption Capability of
Crashworthy Polymer Composite Materials,” Journal of Reinforced Plastics and Composites, 16(3):226-242.
Bolukbasi, A. O, and D. H. Laananen, 1995. “Analytical and Experimental Studies of Crushing Behavior in
Composite Laminates,” Journal of Composite Materials, 29(8), pp. 1117-1139.

Boonsuan, P., 1996. Finite Element Modeling of Delamination Growth in Composite Structures, Master’s
Thesis, Florida Institute of Technology.

Tay, T. E., K. H. Lee, S. Ramakrishna and F. Shen, 1998. “Modelling the Crushing Behaviour of Composite
Tubes,” Key Engineering Materials, Vols. 141-143, pp. 777-790.

Kerth, S., A. Dehn, M. Ostgathe and M. Maier, 1996. “Experimental Investigation and Numerical Simulation
of the Crush Behavior of Composite Structural Parts,” Proceedings of the 1996 41% International SAMPE
Symposium and Exhibition, Val. 2, pp. 1397-1408.

Fleming, D. C., and E. L. Fasanella, 2000. “Modeling the Crushing of a Scaled Composite Fuselage Subfloor
Structure,” to be presented at the ASC 15" Technical Conference, College Station, TX, Sept. 24-27, 2000.

Reedy, E. D., F. J. Mdllo and T. R. Guess, 1997. “Modeling the Initiation and Growth of Delaminations in
Composite Structures,” Journal of Composite Materials, 31(8):812-831.

Fleming, D. C., 1999. “Modeling Delamination and Disbonding of Composites using a Finite Element Crash
Code,” Proceedings of the ASC 14™ Technical Conference on Composite Materials, Fairborn, OH, Sept. 27-29,
1999, pp. 761-770.

Blackman, B. R. K., J. P. Dear, A. J. Kinloch, H. Macgillivray, Y. Wang, J. G. Williams and P. Yayla, 1995.
“The Failure of Fibre Composites and Adhesively Bonded Fibre Composites under High Rates of Test, Part |
Mode | Loading -Experimental Studies,” Journal of Materials Science, 30:5885-5900.

Fleming, D. C., 1999, Delamination Modeling of Composites for Improved Crash Analysis, NASA CR-1999-
209725.

Rybicki, E. F., and M. F. Kanninen, 1977. “A Finite Element Calculation of Stress Intensity Factors by a
Modified Crack Closure Integral,” Engineering Fracture Mechanics, 9:931-938.

Fasanella, E. L., and K. E. Jackson, 1998. “Anaytica and Experimental Evaluation of Scaled Composite
Energy Absorbing Subfloor Concepts,” Proceedings of the AHS National Technical Specialists Meeting on
Rotor craft Crashworthiness, Phoenix, AZ, Sept. 14-16, 1993.

Jackson, K. E., and E. L. Fasanella, 2000 “Impact Testing and Simulation of a Crashworthy Composite
Fuselage,” Proceedings of the AHS 56" Annual Forum May 2-4, 2000.

15



