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Importance of Instability in Impact Response
and Damage Resistance of Composite Shells

Brian L. Wardle ¤ and Paul A. Lagace²

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

The response of laminated cylindrical composite shell structures to transverse loading was studied through

impact and quasi-static testing. A highly nonlinear structural instability phenomenon, closely resembling a snap-
through instability, was found to have a strong in¯ uence on the loading/impact response including the resulting

damage. Because of this structural instability, the behavior of convex shells under static or dynamic (i.e., impact)
transverse loading is found to be much different than that for plates. These differences include trends displayed

in the response parameters as well as damage extent and distribution. Convex shells with a response instability
are found to have increased impact damage resistance compared with plates. A concept is proposed wherein the

instability provides a mechanism,not available in plates, by which shell structures dissipate impact energy through
structural deformation and thus exhibit improved impact damage resistance. Conversely, convex shells with no

response instability have decreased impact damage resistance compared with plates. The differences in composite
shell and plate behavior, particularly damage resistance, have important rami® cations to the design of damage

tolerant aerospace components and are discussed.

Introduction

D AMAGE resistance and tolerance of ® brous composite struc-
tures are signi® cant concerns to the aerospacecommunity due

to the relatively low through-thickness strength and susceptibility
of these structures to damaging events, e.g., impact. Therefore, the
subjects of impact damage resistance and tolerance of composite
structures have received considerable attention in recent years. Re-
views of the current literature show, however, that there exists virtu-
ally no work concerningthe impact damage resistanceof composite
shells,althoughcompositeplateshavebeenexploredextensively.1±3

Unfortunately, structures such as wings and fuselages are more ac-
curately characterized as shells, not plates, and thus the effects of
initial curvature on the resulting impact response and damage resis-
tance need to be explored.

The current work focuses on key phenomena in the response of
composite shells to transverse loadingwith the overall goal being to
explore the impact damage resistanceof these structures.As convex
shells are transversely loaded, an instability can result as the shell
moves between two stable equilibriumpaths.4±6 Work with compos-
ite cylinders and shell sections (e.g., Refs. 7±10) has yielded useful
results, but mechanistic explanations are sparse and inconclusive.
Instabilities in the shell response were not reported and any differ-
ence in shell and plate response is generally attributed to the higher
transverse stiffness (membrane) of the shells (e.g., Ref. 11). The
impact response (includinginstability)of composite shells has been
investigated analytically and experimentally, but the effect of the
instabilityon the response characteristics,includingdamage extent,
was not established.11±14 Thus, a basic understanding of the load-
ing/impact response (particularly damage resistance) of composite
shells, including identi® cation of important issues in the response,
does not exist.

The baseline objective of the current work is thus to evaluate
the response, including damage, of composite shell structures to
transverseloadingin impactandquasi-statictesting.Basic structural
and impact parameters were varied to determine the effect of each
parameter on the resulting response, establish trends, and identify
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mechanisms that control the response. In the course of conducting
this broadexperimentalinvestigation,an instabilitywas observedto
beparticularlyimportantin the responseof convexshells.Therefore,
a speci® c objective of the current paper is to establish differencesin
convexshell and plate response,includingdamagemode and extent,
with particular focus on the instability aspect of the response. It is
hoped that by documenting the instability in both impact and quasi-
static tests that insights may be gained that lead to better predictive
capabilities in the future.

Approach
An extensiveexperimentalinvestigation,composedof impactand

quasi-static testing, was undertaken to determine the response (in-
cluding damage) of composite structures to transverse (centered)
loading. Cylindrical composite shell structures were manufactured
from Hercules AS4/3501-6 prepreg tape in a [§45n / 0n ]s con® gu-
ration where n = 1, 2, and 3. The cylindrical composite shell struc-
tures include convex and concave shell sections and plates (i.e.,
shells with a radius of 1 ). The orientation of the ply angle with
respect to specimen curvature is shown in Fig. 1.

As this work was consideredan exploratory investigation,speci-
men structural parameters were varied to give a wide range of geo-
metrical characteristics.Radius, span, and thickness were indepen-
dently varied via scaling considerations. Scaling of the structural
parameters is based on effective ply thickness, the total thicknessof
adjacent plies with the same ® ber orientation.As the number of ply
interfaces (between plies at different orientations) changes, delam-
ination extent and distribution (through-thickness)change, thereby
affecting the mix of differentdamage mechanisms.15 This issue was
avoided by utilizing effective plies to keep the number of ply in-
terfaces constant despite different specimen thicknesses, thereby

Fig. 1 Illustration of generic specimen.
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Table 1 Test matrix

T1 T2 T3

Span R1 R2 R3 RPa R1 R2 R3 RP R1 R2 R3 RP

S1 4b 4 4 4 1 4 1 1 1 1 4 1
S2 4 1 1 Ð Ð Ð Ð 1 Ð Ð Ð Ð Ð Ð 1 1 Ð Ð
S3 4 1 1 Ð Ð Ð Ð 1 1 Ð Ð Ð Ð Ð Ð 1 Ð Ð
S1 concave 4 1 1 Ð Ð 1 1 Ð Ð Ð Ð 1 Ð Ð 1 Ð Ð

aRP indicates plates con® guration (radius equal to 1 ).
b Indicates one quasi-static test and number of impact tests at different velocities.

isolating changes in damage mode and extent to effects from struc-
tural parameters on the resulting response.

Using effectiveplies as the basis for scaling, threedifferentvalues
for each of the structural variables are obtained using the following
relation:

Xn = n(X1) (1)

where X represents any of the three structural parameters, X1 rep-
resents the base value for structural parameter X , and n takes on
the values 1, 2, and 3. Base values for the structural parameters are
R1 = 152 mm (6 in.), S1 = 102 mm (4 in.), and T1 = 0.804 mm.
As an example, specimenR1S2T3 designatesa specimen with nom-
inal values of 152 mm for radius, 203 mm for span, and 2.412 mm
(18 plies) for thickness. Intermediate values of span and thickness,
i.e., S2 and T2, approximately correspond to values for stringer
spacing (span) and thickness for a typical commercial aircraft.16

Impact velocities of 1, 2, 3, and 4 m/s were found to provide
specimen responses ranging from purely elastic (no damage) to
severe damage (specimen penetration) during preliminary testing.
This range of response was deemed desirable from a damage re-
sistance perspective and was therefore chosen for the test matrix.
It was also found from preliminary tests that an impact velocity of
3 m/s would damage the majority of specimensin this investigation.
Therefore,quasi-statictestswere conducteduntil the maximumload
measured during an impact test at 3 m/s of concomitant specimens
was reached so that damage states resulting from impact and quasi-
static tests could be compared based on peak force.17 , 18

The considerations of structural scaling along with the ® ndings
from preliminary testing were used to construct the test matrix pre-
sented in Table 1. The test matrix contains 89 specimens but is not
fully populated. Attention was paid to the distribution of unpopu-
lated entries in the test matrix so that information from testing could
be used to establish trends that encompassunpopulatedregions.Di-
agonals and border rows and columns are populated so that the
behavior of interior unpopulated regions (specimens) can be inter-
polated, but not extrapolated, from the behavior of specimens that
are tested.

During each impact test, the impactor force±time history was
measuredto determine the specimenresponse.Force±de¯ ectionhis-
tories were measured to characterizethe response in the quasi-static
tests.All specimenswere visuallyevaluatedfor damageafter testing
and the dye-penetrantenhanced x-radiographymethod was utilized
to determine the extent and distribution of nonvisible damage.

Experimental Speci® cs
An overview of the experimental procedures is given here, and

detailed information can be found in Ref. 19. Specimen preparation
and setup for the two types of loading (impact and quasi-static) are
identical.

Specimen Preparation

Shells were manufactured using standard layup and cure proce-
dures for this material system20 except that the laminateswere cured
on specially designed cylindrical molds. Laminates were layed up
by hand and processed using the standard manufacturer’s cure cy-
cle of a 1-h ¯ ow stage at 116±C and a 2-h set stage at 177±C. This
was conducted in an autoclave under vacuum with a 0.59 MPa ex-
ternal pressure. Laminates were postcured in an oven at 177±C for
8 h and subsequently cut to the desired dimensions using a water-
cooled diamond-grit cutting wheel. Speci® cs of the manufacturing

Fig. 2 Side-view illustration of test ® xture with convex shell.

procedure can be found in Ref. 19, including an evaluation of the
manufacturing technique,which shows that the specimen quality is
typical of standard plate specimens, i.e., average specimen thick-
nesses (and radii) are within 4% of the nominal values.

Test Fixture
The shells (and plates) are restrained in a specially designed

test ® xture with boundary conditions of pinned/no in-plane sliding
(hinged) on the axial edges and free on the circumferential edges
(edgesde® ned in Fig. 1). Fixing the in-planeboundaryconditionex-
aggerates compressive membrane (in-plane) stresses developed in
the initial loading of the convex shells, which is a basic (structural
response) differencebetween convex shells and plates.

An overall view of the test ® xture is presented in Fig. 2 for a
convex shell. The test ® xture consists of two primary components
for restrainingspecimens along the axial edges: adjustablerods and
cushions for the rods to rest in. Shells are restrained out of plane
using steel knife edges, which actually have a 1.59 mm ( 1

16
in.)

radius, that support the shellalongthe entire axialedge.The in-plane
restraint is accomplished by the shell impinging on the ¯ at face of
the rod. Plates and concave shells require additional consideration
(and attachments) because the in-planeconditionat the boundary is
tensile (pull-out),whereas for convex shells it is compressive(push-
in) prior to the instability.The no sliding in-planeconditionfor these
cases is attainedby attaching extended knife edges to the axial plate
edges.

A detaileddescriptionand performance evaluationof the test ® x-
ture can be found in Ref. 19, which shows the test ® xture allows
rotation at the pinned boundaries and adequately restrains the spec-
imens (plates, concave, and convex shells) as desired.

Impact Testing

A device previously developed for impact testing of composite
structures21 was used to horizontallyacceleratea steel impactingrod
(totalmass 1.60 kg) mounted in linear bearings to the desired veloc-
ities. A light-gateassembly is used to measure the impactor velocity
(within§0.1 m/s) just prior to specimencontact.A force transducer,
mounted behind a 12.7-mm ( 1

2
-in.)-diamhemisphericalsteel tup on

the impacting rod, measures load within §4.2 N (0.95 lb).
Because of the dynamic nature of the impact, the force measured

by the transducermust be modi® ed to account for the inertia of the
tup.22 In this investigation, the force on the tup (specimen) is 1.09
times the force measured by the transducer.Voltage output from the
force transducer is digitized using a MacADIOS II analog/digital
converterand recordedon a Macintosh IIx computer at 50 kHz. The
measuredforce±time datacanbe twice integratedto givede¯ ection±
time data:

w (t) = * t

0
[ * t

0

a(t) dt + v0] dt + x0 (2)

where w (t ) is de¯ ection, a(t ) is the modi® ed (to account for the
tup inertia) force±time history divided by the mass of the impacting
assembly, t is time, v0 is the measured initial velocity, and x0 is
the initial specimen de¯ ection, which is zero. The integrations are
performed using the trapezoidal rule where the time step is equal to
the data-sampling interval of 20 l s.
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Fig. 3 Typical x-radiographs of damage: shown are specimen types
R1S1T3 (concave) impacted at 3 m/s (left) and RPS1T1 (plate) impacted
at 2 m/s (right).

Quasi-Static Testing
Quasi-static testing was performed with an MTS-810 uniaxial

testing machine under stroke (de¯ ection) control. An MTS 8896-N
(2000-lb) load cell is used to measure the force on the specimen,
and the stroke of the testing machine is used to measure de¯ ection.
Force resolution for quasi-static testing is 0.9 N (0.2 lb), whereas
the de¯ ection resolutionvarieswith stroke rangebut is always better
than §0.06 mm. Peak force is known a priori for each test from the
impact tests at 3 m/s, and peak de¯ ection is estimated using Eq. (2)
to obtain an approximate stroke range for each test. The stroke rate
is set so that loading and unloading each lasts 3 min, giving a total
test time of 6 min for each specimen. Data are sampled at 2 Hz with
the samedataacquisitionsystempreviouslydescribed.Althoughnot
reportedhere, indentationof the specimenswas also measuredusing
a linearly variable differential transformer displacement transducer
placed directly under the indentor.

Damage Evaluation

Dye-penetrantenhancedx-radiography23, 24 and visual inspection
were used to characterizedamage.19 Dye-penetrantwas injectedvia
a syringe into a 0.79-mm-diamholedrilled throughthe damagearea.
A pieceof ¯ ash tape was placedon theback surfaceof the specimens
to contain the dye. This technique allows an integrated view of
delaminationand matrix cracking.Typicaldelaminationsandmatrix
cracks extend in the +45- and ¡ 45-deg directions, with the +45-
deg directionalways having a greater extent, as shown in the sample
x-radiographsprovided in Fig. 3. Two damage metrics were de® ned
for use with the planarx-radiographview of the damaged specimen.
The delamination lengths in the +45- and ¡ 45-deg directions were
measured to the nearestmillimeter and then averagedto quantifythe
extent of the damage. This yields an average damage extent metric.
The ratio of delamination length in the ¡ 45-deg direction to that in
the +45-deg direction yields a damage extent ratio, which is used
to quantify the distribution of damage. The average damage extent
and damage extent ratio for the two specimens shown in Fig. 3 are,
respectively,20 mm and 0.44 (R1S1T3 concave)and 8 mm and 0.33
(RPS1T1).

Results and Discussion
In the following discussion, quasi-static data are used inter-

changeably with impact data. This is done because the impact and
quasi-static response (including damage) are equivalent for these
specimens,19 given that the peak force of the tests for each speci-
men typewere the same.This equivalencehasalso beendocumented
for composite plates subjected to low-velocity impact.25±27 Further-
more, this facilitatescharacterizationin a number of cases when re-
sponse characteristicsare more easily discerned in the quasi-static
data than in the impact data due to noise inherent in the impact data
from impactor vibration.

Loading Response
The instability in convex shell response is illustrated in Fig. 4.

Displacement w is nondimensionalized using the specimen thick-
ness to illustrate the large-de¯ ection behavior. The loading initially
increases with de¯ ection along a nonlinear path, termed the ® rst
equilibrium path. The load reaches a local maximum, termed the
critical snapping load, before decreasingas de¯ ection increasesinto
the instability region. The response then progresses along a second
equilibriumpath to the maximum force (and de¯ ection) of this test.

Fig. 4 Illustration of de® nitions used to describe instability character-
istics (data from quasi-static test of specimen R1S1T1).

Fig. 5 Illustration of convex shell cross section under loading: top,
in the ® rst equilibrium position; and bottom, in the second (concave)
equilibrium position.

The deformation modes of the convex shells are quite different for
the ® rst and second equilibriumpaths as illustrated in Fig. 5. Along
the ® rst equilibrium path, the convex shell is in the initial (convex)
con® guration,whereasalong the secondequilibriumpath the shell is
in an inverted(concave)con® guration.By contrast, plate specimens
loadmonotonically(withnonlinearstiffeningdue to large-de¯ ection
membrane effects) and slowly take on a concave shape; i.e., plates
do not possess an instability. It should be noted that, although none
were observed, unsymmetric (with respect to the loading axis) de-
formation modes are possible.

Although the response found in this work resembles a snap-
throughinstability,it is clearlydifferentinone respect.Snap-through
instabilities progress along an equilibrium path until a critical load
(local maximum) is reached, oftentimes referred to as the buckling
load, where the shell con® guration dynamically transitions from
convex to concave. This dynamic transition is characteristic of a
load-controlledtest. However, the impact response observed in this
investigation contains a stable path between the ® rst and second
equilibrium paths with no instantaneous ª snapping.º This instabil-
ity response, with the lack of dynamic snap-through,shows impact
to be a de¯ ection-controlledevent.

Effects of the instability, clearly evident in the resultant force±
time histories of impacted convex shells, are not observed in plate
force±time histories. A typical plate force±time history, oftentimes
referred to as a half-sinusoidresponse in the literature, is presented
in Fig. 6 for specimen RPS1T1 impacted at 1 m/s. This typical
plate behavior can be contrastedwith the behaviorof a convex shell
(specimen type R1S1T1) impacted at different initial velocities to
illustrate the effect of the instability. The convex shell (R1S1T1)
response to an impact at 1 m/s is also presented in Fig. 6 and is
noted to be quite similar to the plate (RPS1T1) response. However,
the response of the convex shell to an impact at 2 m/s, presented in
Fig. 7, shows a dramatic change in the response in that three local
maxima and two local minima are evident.
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Fig. 6 Force± time response of plate (RPS1T1) and convex shell
(R1S1T1) specimens impacted at 1 m/s.

Fig. 7 Force± time response of specimen R1S1T1 impacted at 2 m/s,
displaying effect of the instability.

The effect of the instability can be more clearly discerned by
considering the force±de¯ ection response shown in Fig. 8, which
corresponds to the force±time data in Fig. 7. The ® rst peak in the
force±time data (Fig. 7) corresponds to the point on the ® rst equi-
librium path in Fig. 8 where the shell response reaches the critical
snappingload.The force thendecreaseswith time (displacementstill
increasing)as the shellmoves into the instabilityregion.The second
peak,at approximately19 ms, occurswhen the shell responsebegins
to load onto the second equilibrium path. No damage was observed
in the x-radiographfor this specimen,which would indicate that un-
loadingwould follow the loadingcurve, i.e., there is little hysteresis.
This is indicated by the nearly symmetric nature of the force±time
history.

Thus, for the case of the convexshell specimen impacted at 2 m/s,
the impactor had enough energy to cause the shell to de¯ ect past
the critical snapping load (of approximately 350 N) and into the
instability region. This is in contrast to the same specimen type
impactedat 1 m/s where thepeakforcereachedapproximately290 N
such that the specimen did not progressbeyond the ® rst equilibrium
path or display any characteristicsof an instability.

The effect of the instability is further demonstrated by consider-
ing the force±de¯ ection response of specimen RPS1T1 (plate), also
impacted at 2 m/s and presented in Fig. 8. The only difference be-
tween the two specimensin Fig. 8 is thecurvatureof theconvexshell,
but the responseis clearlyquite differentÐthus indicatingthe strong
effect of shell curvatureand the resulting instabilityon the response.

The response of specimen type R1S1T1 impacted at 3 m/s, pre-
sented in Fig. 9, displays the same minima and maxima as the

Fig. 8 Force± de¯ ection response of specimen types R1S1T1 (convex)
and RPS1T1 (plate) impacted at 2 m/s.

Fig. 9 Force± time response of specimen R1S1T1 impacted at 3 m/s.

response to the impact at 2 m/s. At higher velocities for specimen
type R1S1T1, the response progresses farther onto the second equi-
librium path and occurs over a shorter time. The noted difference is
that the second local maximum, i.e., the loadingon the second equi-
libriumpath, is now greaterthan the other two localmaxima (critical
snapping load), making it the peak force for the impact event. This
is seen in Fig. 9 where the peak force is much higher in the impact
at 3 m/s compared with the impact at 2 m/s (see Fig. 7). A signi® -
cant amount of damage is observed in the x-radiographof specimen
type R1S1T1 impacted at 3 m/s. The impact response for this spec-
imen shows a lack of symmetry in the unloading (see Fig. 9). At an
impact velocityof 4 m/s, specimen type R1S1T1 (convex) was pen-
etrated. The force±time history for the impact at 4 m/s exhibits the
same characteristic features of the impact at 3 m/s until penetration.
As is typical in composite plate impact, the measured force drops
dramatically at penetration (sometimes referred to as perforation).

It is important to note that the onset of the instability is nearly
indiscernible in the de¯ ection±time histories, even when the in-
stability is clearly evident in the force±time and force±de¯ ection
histories. The de¯ ection±time histories for a plate (no instability)
and a convex shell, with and without an instability, are presented in
Fig. 10 to illustrate this. The shape of the de¯ ection±time histories
are indistinguishable from one another, although the magnitude of
the convex shell de¯ ection is generally much greater than the plate
for the same impact event. The force±time history for specimen
R1S1T1 (convex) impacted at 2 m/s (see Fig. 7) clearly indicates
an instability,whereas the other force±time histories do not. There-
fore, de¯ ection±time histories alone generally are not adequate to
describe shell response.
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Fig. 10 De¯ ection± time histories for specimen types RPS1T1 and
R1S1T1.

Fig. 11 Peak impact force vs nominal impact velocity for specimen
types R1S1T1 (convex) and RPS1T1 (plate). Note: ® lled data points in-
dicate peak force on the second equilibrium path.

Quantitative differences are also used to elucidate effects of the
instability.Parameters from the impact response, such as peak force
and contact time, have been used to characterize the response of
plates to impact loading. For plates, peak impact force increases
linearly and contact time decreases nonlinearly with velocity up to
penetration.15 , 28 Results from this investigationindicate that convex
shells with an instability do not follow the same trends as plates.
The variation in peak impact force with velocity for specimen types
R1S1T1 (convex) and RPS1T1 (plate) is presented in Fig. 11. The
instability is strongly associated with the departure from a linear
increase in peak force with velocity for the convex shell. This is in-
dicated in Fig. 11 by separating the data into events where the load
doesand doesnotprogresspastthe valueof thecriticalsnappingload
on the second equilibriumpath. This distinction indicateson which
equilibriumpath the peak force occurs.Between the impact at 1 and
2 m/s, the convex shell transitions into the instability region without
an increase in peak force, whereas the plate specimen continues to
a much higher load (along a monotonic, stiffening load±de¯ ection
curve). The nonlinearly decreasing trend of contact time with ve-
locity found for plates28 is also not observed for convex shells. For
example, the contact time actually increases between impact veloc-
ities of 1 and 2 m/s for convex shell R1S1T1 (see Figs. 6 and 7),
again due to the transition through the instability region between
equilibrium paths.

Note that althoughthe resultspresentedup to this point are typical
of many convex shells in this investigation,all shells do not respond
in exactly the same manner.All the structuralparametersconsidered
were found to affect the instability region, i.e., the critical snapping

Fig. 12 Average damage extent vs peak force for impacted specimens.
Note: ® lled data points indicate peak force on the second equilibrium
path.

load and the extent (with respect to de¯ ection) of the instability
region. The instability was most evident in specimens with larger
radii and smaller thicknesses (T1 or T2) but was not observed for
any of the thickest T3 (2.412 mm) specimens. This is most likely
due to the higher bending stiffness of the thicker shells. Parameters
that quantify the effect of structuralparameterson the instabilityare
beyondthe scopeof thispaper.However, resultsand trendsshowthat
specimenswith structuralparameters that most closely approximate
an aircraft fuselage are strongly affected by the instability. These
specimens have large radius, intermediate span, and intermediate
thickness. For example, a Boeing 757 fuselage has a radius of 1.88
m (74 in.) and a stringer spacing of 229 mm (9 in.) (Ref. 16). A
composite aircraft fuselagecan have a thicknessas small as 1.5 mm
(Ref. 29).

Impact Damage Response

A strong correlation between peak force and damage resistance
has previously been demonstrated by several authors17, 18 for im-
pacted composite plates. The average damage extent (damage re-
sistance metric) vs peak force is presented in Fig. 12 for all plate,
convex, and concave shell specimens impacted in this investiga-
tion (quasi-static data agree with these data). Convex shell data are
separated by the equilibrium path on which the peak load occurs.
Penetrated specimens are not included because the average damage
extent metric has little or no meaning for specimens that are pene-
trated. Despite the instability, the average damage extent for convex
shells was found to scale nearly linearly over a large range of peak
forces (below approximately1500 N), as shown in Fig. 12. A line is
sketched in Fig. 12 to indicate this nearly linear behavior. All spec-
imens exhibit a damage threshold force of approximately 400 N,
below which no damage is found. The average damage extent for
plates and concave shells is noted to increase nearly linearly with
peak forceover the entire range,whereas convexshellswhich do not
progresspast the critical snapping load and remain on the ® rst equi-
librium path display signi® cantly increased average damage extent
above approximately 1500 N.

This increased damage extent for convex shells that reach high
peak loads on the ® rst equilibrium path is attributed to compres-
sive membrane stresses that have been shown to promote delamina-
tion growth throughsublaminatebuckling.30 , 31 Convex shells on the
® rst equilibrium path experience compressive membrane stresses,
whereas the other specimen geometries, including convex shells on
the second equilibrium path and plates, experience tensile mem-
brane stresses. The increased delamination extent can be seen in
Fig. 13 for specimen R1S1T3 (convex) with the peak force on the
® rst equilibrium path (and with no instability) as contrasted with
specimen R2S1T2 (convex)with the peak force on the second equi-
librium path. These specimens have approximately the same peak
force of 1700 N. Convex shells that remain on the ® rst equilibrium
path at high loads all have larger thicknesses and therefore higher
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Table 2 Average damage extent ratio for impact
and quasi-static tests

Impact Quasi-static

Convex (® rst equilibrium path) 0.63 0.64
Convex (second equilibrium path) 0.34 0.34
Concave 0.49 0.44
Plate 0.30 0.32

Fig. 13 X-radiographs of convex shell specimens R1S1T3 impacted at
3 m/s (left) and R2S1T2 impacted at 4 m/s (right), each having peak
force of approximately 1700 N.

bending stiffnesses, which allow higher peak forces to be reached
on the ® rst equilibrium path.

Differences in damage distributionare also attributed to the pres-
ence of compressive vs tensile membrane stresses. The overall dif-
ference in the damage can be seen in Fig. 13, where the convex shell
with compressivemembrane stresses at peak load is noted to have a
nearly symmetric damage distribution with respect to the +45- and

¡ 45-degdirections,whereas the other shell has preferentialdamage
extent in the +45-deg direction.The differencesin damage distribu-
tion are quanti® ed using the damage extent ratio metric as averaged
in Table 2. The average damage extent ratios for convex shells with
peak force on the ® rst equilibrium path are nearly double that for
those with peak force on the second equilibriumpath. Furthermore,
convex shells with peak force on the ® rst equilibrium path have the
highest average damage extent ratio of all specimens.

Signi® cant compressivemembrane stressescan increasethe dam-
age extent and affect the damage distribution by causing delami-
nation growth due to sublaminate buckling. The critical snapping
load and instability thus affect the resulting damage because the
sense (compressive or tensile) and magnitude of the membrane
stress depend upon the peak force and on which equilibrium path it
occurs.

Implications for Damage Resistance
The instability has two primary implications for the impact dam-

age resistanceof compositestructures.First, convexcompositeshell
structures that reach high peak loads on the ® rst equilibrium path
(no instability effects) have increased damage extent and different
damagemodes than equivalentplates.These structuresare therefore
less damage resistant than plates and using plate data for design is
not conservative.Second, given an impact event, convex composite
structures that do transition through the instabilityare noted to have
decreased damage extent compared with plates, thus giving such
convex shell structures increased damage resistance compared with
plates.

This latter point can be explained by recalling that damage ex-
tent scales with peak impact force and, therefore, increased impact
damage resistance will be realized if, given an impact event, lower
peak forces result. During impact, impactor kinetic energy is con-
sumed by the rebound energy of the impactor, structural or strain
energy(work done in deformingthe specimen), damage energy, and
higher-ordereffects such as noise and heat generation.External ap-
plied loads acting through specimen displacements (work) are the
only contributionsto the structural strain energy created during im-
pact.As these impact eventsare known to be quasi-staticin nature,19

the strain energy absorbed by a structure during impact is related to
the external applied tractions and displacements via

*
V
( * r i j d e i j ) dV = *

S
( * Ti dui ) dS (3)

where Ti and ui are the resolved external applied tractions and dis-
placements, respectively, r i j is the stress tensor, e i j is the strain
tensor, and S and V are the surface and volume of the structure,
respectively. Assuming ideal boundary conditions (i.e., zero mo-
ment and zero displacement), no work is done at the boundary of
the shells, leaving only the contribution due to the impactor.

It is hypothesized that convex shells with an instability have in-
creased impact damage resistance compared with plates due to the
large amount of impact energy consumed in transitioning through
the instability region (with large structural deformations), as op-
posed to energy consumption through high peak forces. High peak
forces tend to result in increased damage as has been previously
established.

The work/energycontributioncan be calculated,using Eq. (3), by
idealizing the impactor effect as a point force equal to the measured
force acting through the displacement of the impactor. Specimen
displacement can be calculated using Eq. (2). Thus, the impactor
energy absorbed by the structure (strain energy) is idealized as the
area under the force±de¯ ection history up to the maximum spec-
imen de¯ ection. As with de¯ ections in the impact tests, this area
(energy) can be calculated using the trapezoidal rule. The critical
snapping load and the de¯ ection(s) associated with the instability
region are therefore important parameters because the amount of
energy consumed by the instability scales with these quantities.

The impact force±de¯ ection responseto impactsat 2 m/s for spec-
imens R1S1T1 (convex) and RPS1T1 (plate), already presented in
Fig. 8, providesa convincingexample of the improved impact resis-
tance. The only differencebetween the two specimens is the radius
of curvature (152 mm for the convex shell and 1 for the plate). The
convex shell reaches a substantially smaller peak force (approxi-
mately 350 N) and was not damaged, whereas the plate reached a
much higher peak force (approximately 1000 N) and was signi® -
cantlydamaged (see x-radiographin Fig. 3). Utilizing the procedure
established for calculating the work contribution, the results show
that the convex shell and plate consume approximately the same
amount of energy, 3.5 and 3.4 J, respectively. Thus, the shell is
able, throughthe instabilitymechanism,to absorb the impactenergy
through large displacements, whereas the plate absorbs the energy
through high peak loads. The higher peak force for the plate results
in greater potential for damage formation and actual manifestation
of increased damage extent.

The effect of the instabilityon the resultantpeak force can be fur-
ther illustrated by considering the progress of specimens impacted
at differentvelocities(energies)along the representativequasi-static
load±de¯ ection curves. The dashed lines and velocities in Figs. 14
and 15 indicate the peak force (and location) that specimen types
R1S1T1 (convex) and RPS1T1 (plate) attained during impact test-
ing. It can be seen that the peak force increases at a greater rate
with velocity for the plate than for the shell, leading to increased
damage in the plate for a given impact event. Furthermore, the im-
pacts of specimen R1S1T1 (convex)at 1 and 2 m/s result in a nearly
identical peak force, even though the impactor energy increased by
a factor of 4 (0.8 and 3.5 J, respectively), thus demonstrating the
ability to consume energy through de¯ ections associated with the
instability.Neither of these convexspecimenswere damaged (lower
peak force), whereas the plate specimen was damaged in the impact
at 2 m/s (higher peak force).

The instability in convex shell response thus gives convex shell
structures improved impact damage resistanceover plates. This im-
plies that damage resistance is a structural parameter and further
indicates that there are structural concepts that can be utilized to
design for improved damage resistance. By using these structural
concepts,damage toleranceof compositestructurescan also be pos-
itively affected. These composite structures can take advantage of
the gross structural response, speci® cally the instability, to dissi-
pate impact energy and maintain low impactor loads because the
impact response occurs on a structural scale. This is in contrast to
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Fig. 14 Quasi-static force± de¯ ection loading response of specimen
RPS1T1 (plate) and corresponding impact velocities.

Fig. 15 Quasi-static force± de¯ ection loading response of specimen
R1S1T1 (convex) and corresponding impact velocities.

thin-gauge metallic (e.g., aluminum) structures where the response
to impact is oftentimesdominatedby local effects such as plasticity;
i.e., sheet metals dent more easily than composites.32

The manifold effects of the instability outlined in the previous
section clearly show that the instability is an important aspect of
shell impact response.Plate impact response,includingthe resulting
damage, is thus foundto be signi® cantlydifferentthan thatof convex
shells due to this instability. Therefore, the sizable understanding
and databaseaccumulatedon composite plate impact responsemust
be utilized carefully when those data are applied to structures that
are more appropriately modeled as shells because effects of the
instability must be considered.

Summary
Through an experimentalstudy of composite structures, substan-

tial differencesin plate and convexshell responseto transverseload-
ing have been established.An instability in the loading response of
convex shells is noted to be the source of these differencesand thus
to have a strong in¯ uenceon the impact responseof these composite
structures, including damage (impact damage resistance). Because
of this unstable nature of the convex shell response, an additional
crucial parameter in characterizing impact response is the critical
snapping load. This critical snapping load acts as a demarcation be-
tween a monotonic loadingresponseand one with an instability.The
instability is shown to in¯ uence the shape of both force±de¯ ection
and force±time histories, as well as trends. Therefore, trends pre-
viously established for impacted composite plates do not hold for
convex shells, and in some cases, the trends can even reverse.

With regard to impact damage, the instability has two primary
effects. First, unlike composite plates that display a nearly linear
damage progression with peak force, impacted convex shells have
been found to deviate from this progression if high peak forces
are reached prior to the onset of instability. In these cases, com-
pressive membrane stresses are present and the damage extent is
shown to increase signi® cantly over the nearly linear trend. This is
attributed to increaseddelaminationextent inducedby the compres-
sive membrane stresses. Thus, decreased impact damage resistance
is observedfor these typesof compositeshells comparedwith plates.
This is in contrast to the second effect of the instability on damage
where convex shells which transition through the instability region
are shown to have increased (improved) impact damage resistance
compared with plates. Convex shells with an instability consume
impact energy through large de¯ ections in the instability region.
Plates do not experience an instability, and therefore this mecha-
nism of impact energy consumption is not available. Thus, plates
reach higher peak forces, which results in (increased)damage. This
insight into the impact damage resistance of composite shell struc-
tures is important in understandingand designing damage resistant
and damage tolerant composite structures.

It is clear that the instability in convex shell response affects the
resultant damage, which implies that damage resistance is, itself,
a structural parameter. However, effects of structural parameters
(specimen geometry) on the instability of composite shells and the
resulting response (including damage) need to be explored further.
Likewise, speci® cs of the damage state and parameters that con-
tribute to the mode(s)of damage formationhavenot yet been clearly
identi® ed. Further work in this area, as well as in establishing the
mechanisms by which different stress states in convex shells (as a
result of the instability) affect the resultant damage, is crucial to
gaining a greater understandingof damage resistance. In particular,
tensileand compressivemembranestresses in compositeshells need
to be analyzed for their role in damage formation. Such work will
lead to a better understandingof the role of instability in the impact
response of composite shells.
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