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Behavior of Composite Shells Under Transverse Impact
and Quasi-Static Loading

Brian L. Wardle* and Paul A. Lagace'
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

The impact and quasi-static response of various composite shell structures to transverse loading was studied
experimentally. In particular, the effect of varying structural parameters (radius, span, and thickness) on the
loading response, including damage resistance, is explored. The AS4/3501-6 graphite/epoxy composite structures
considered have a [+ 45,/0,]; layup configuration (n = 1, 2, 3) and include convex and concave shell sections,
plates, and full cylinders. All structural parameters are found to affect the response, particularly characteristics
of the instability associated with the convex shell behavior and the structural stiffness. Trends with regard to peak
force and structural stiffness with the structural parameters are established and discussed. Specimen thickness is
noted to have the greatest effect of all the parameters, but shell radius is clearly important due to the instability
that it introduces. Damage resistance trends with structural parameters are established and linked to peak force.
Although linked to peak force, these damage trends are also found to be dependent upon whether the peak force
occurs before or after the shell instability. The results of this work establish the effects of structural parameters
on the general response characteristics, including damage resistance, of composite shells under transverse loading
with application to low-velocity impact. Thus, these results provide benchmark data for comparison with analytical
and numerical, e.g., finite element, studies. Suggestions for areas of further work are provided.

Introduction

AMINATED composites continueto see increased use in high-

performance, weight-critical applications, e.g., the hydrogen
fuel tank in next-generation reusable launch vehicles.! The use is
due to factors such as the high specific stiffness, excellent fatigue
characteristics, and environmental properties, e.g., high operating
temperatures, of these materials. However, damage resistance and
tolerance of such compositestructures are of significant concerndue
to their relatively low through-thicknessstrength and susceptibility
to damaging events, e.g., impact. Impacted composite structures
are known to have static strength reductions of 50-75% as com-
pared with undamaged specimens.?~* Reviews of the current liter-
ature show that although the impact response of composite plates
has been studied rather extensively, very little work exists concern-
ing composite shell structures* ® This is unfortunate because real
aerospacestructuressuchas wings and fuselages are mostaccurately
characterized as shells, not plates.

Prediction of the structuralresponse of composite shells requires
significant computational effort due to factors such as nonlinear ge-
ometric (kinematic) couplings, large rotations, and buckling of the
structure. Issues such as these preclude the use of simplified clas-
sical arch analyses to determine structural response. Alternatively,
numerical studies, particularly finite element analyses, have been
used to characterize the structural response of (composite) shells to
static transverse loading, e.g., Refs. 7-11, and also to impact, e.g.,
Ref. 7. For the case of square planform hinged shells of the type
considered herein, these analyses have all relied solely on com-
parison to other analyses for validation purposes; no experimental
data exist for comparison and verification. Experiments also incor-
porate aspects of the response that are difficult, if not impossible,
to otherwise identify (through analyses). These aspects include re-
sponse asymmetries, imperfection sensitivity, boundary condition
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specifics, and loading misalignments—everything an analysis of a
real structure demands. Factors such as these, and therefore their
importance, can only be modeled once they have been identified.
Thus, although modeling techniques exist, there remains a lack of
experimental data for comparison and insight. A need exists to ex-
perimentally characterize the response of composite shells to such
transverse loading.

The presentwork was undertakenin a general sense to experimen-
tally characterize and explore the response of composite structures
with a wide range of structural configurations to both impact and
quasi-static loading. Given classical definitions of deepness based
on arch-type analyses, e.g., Ref. 12, the resulting structures range
from shallow to deep shells. The impacts events are of interestdue to
real (in-service) damaging events such as tool drop and bird strike.
The effects of varying structural parameters (radius, span, and thick-
ness) on the resulting response (including damage) are particularly
addressed in this work.

Approach

Impact and quasi-static testing were undertaken to determine the
response,includingdamage, of a wide range of composite structures
to transverse,centeredloading. Singly curved composite shell struc-
tures were manufactured from Hercules AS4/3501-6 prepreg tape
in a [£45, /0, ], configuration, where n = 1,2, and 3. The compos-
ite structures are singly curved shells having square planform and
include convex and concave shell sections, plates, i.e., shells with
a radius of 00), and cylinders. The orientation of the ply angle (6)
with respectto specimen curvaturein shown in Fig. 1. The shells are
restrained in a specially designed test fixture with boundary condi-
tions of pinned/no in-plane sliding (hinged) on the circumferential
edges and free on the axial edges (edges defined in Fig. 1).

As this work is an exploratory investigation, specimen structural
parameters were varied to give a wide range of geometrical charac-
teristics. Radius, span, and thickness were independently varied via
scaling considerations.Scaling of the structural parametersis based
on effective ply thickness, the total thickness of adjacent plies with
the same fiber orientation. As the number of ply interfaces (be-
tween plies at different orientations) changes, delamination extent
and through-thicknessdistributionchange, thereby affecting the mix
of different damage mechanisms.!* This issue was avoided by uti-
lizing effective plies to keep the number of ply interfaces constant
despite different specimen thicknesses. Thus, changes in damage
mode and extent were isolated to effects from structural parame-
ters on the resulting response. Using effective plies as the basis for
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Table1 Nominal structural parameters

R, = radius, S, = span, T, = thickness,
n mm mm mm
12 152 102 0.804
305 203 1.608
3 457 305 2412
4Base values have n equal to 1.
Convex Side Circumferential

Edge

. Axial
Width = Sn Edge

'Circumferential

Axial Direction

Direction

Concave Side

Fig.1 Illustration of generic test specimen showing radius, span, thick-
ness, and ply angle.

scaling, three different values for each of the structural variables are
obtained via

Xy =n(Xy) ey

where X represents any of the three structural parameters, X, rep-
resents the base value for structural parameter X, and n takes on
the values 1, 2, and 3. Base values and the resulting structural pa-
rameters are given in Table 1. The specimens are noted to range
from very shallow to extremely deep (half-cylinder) shells. Inter-
mediate values of span and thickness, i.e., S, and 7;, approximately
correspond to values for stringer spacing (span) and thickness for
a typical commercial aircraft.!* Thus, the loadings (e.g., impact)
considered herein are representative of a transverse impact event to
a composite fuselage section.

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/tolerance perspective and was therefore chosen for the test
matrix. It was also found from preliminary tests that an impact ve-
locity of 3 m/s would damage the majority of specimens in this
investigation. Therefore, quasi-static testing was conducted until
the maximum load measured during an impact test at 3 m/s of a
concomitant specimen was reached so that damage states from the
two test types could be compared based on the damage resistance
metric of peak force.! 16

Structural scaling considerations along with the findings from
preliminary testing were used to construct the test matrix presented
in Table 2. The test matrix contains 94 specimens but is not fully
populated. Attention was paid to the distribution of unpopulated
entries in the test matrix so that information from testing could be
used to establish trends that encompass unpopulated regions.

Duringeachimpacttest, the impactor force-timehistory was mea-
sured to determinethe specimenresponse. Force-deflectionhistories
were measured to characterizethe response in the quasi-static tests.
All specimens were visually evaluated for damage after testing and
the dye-penetrant-enhanced x-radiography method was utilized to
determine the extent and distribution of nonvisible damage.

Experimental Specifics
Detailed information on the experimental procedures given here
can be found in Ref. 17. Specimen preparation and setup for the
impact and quasi-static tests were identical.

Specimen Preparation
Shells were manufactured using standard layup and cure proce-
dures for this material system'® exceptthat the laminates were cured
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Rod and Cushi
Cushion ushion

©) ©

T T Rigid
Cutout Stand

N\ N\

Fig.2 Side-view illustration of test fixture with convex shell. Note: not
to scale.

on specially designed cylindrical molds. Full cylinders were cured
on a 305-mm (12-in.) diameter mandrel. Laminates were layed up
by hand and processed using the standard manufacturer’s cure cycle
of a 1-h flow stage at 116°C and a 2-h set stage at 177°C. This was
conducted in an autoclave under vacuum with 0.59-MPa external
pressure. Laminates were postcuredin an ovenat 177°C for 8 h and
subsequently cut to the desired dimensions using a water-cooled
diamond-grit cutting wheel.

Specifics of the manufacturingprocedure can be foundin Ref. 17,
including an evaluation of the manufacturing technique, which
shows that the specimen quality is typical of standard plate speci-
mens. Average specimen thicknesses (and radii) are all within 4%
of the nominal values with acceptable coefficients of variation (less
than 3% for thickness and 5% for radii).

Test Fixture

The shells (and plates) were restrained in a specially designed
test fixture with boundary conditions of pinned/no in-plane sliding
(hinged) on the axial edges and free on the circumferential edges
(edgesdefined in Fig. 1). Fixing the in-plane boundary conditionex-
aggerates compressive membrane (in-plane) stresses developed in
the initial loading of the convex shells, which is a basic (structural
response) difference between convex shells and plates. An overall
view of the test fixture is presented in Fig. 2 for a convex shell.
The test fixture consists of two primary components for restraining
specimens along the axial edges: adjustable rods and cushions in
which the rods rest. Shells are restrained out of plane using steel
knife edges, which actually have a 1.59-mm (1/16-in.) radius, that
support the shell along the entire axial edge. The in-plane restraint
is accomplished by the shell impinging on the flat face of the rod.
Plates and concave shells require additional consideration (and at-
tachments) because the in-plane condition at the boundary is tensile
(pull out), whereas for convex shells it is compressive (push in) be-
fore the instability. The no-slidingin-plane condition for these cases
isattained by boltingextendedknife edgesto the axial plate (or shell)
edges. The knife-edgeends of these attachments rotate about a point
coincident with the hinged boundary condition thereby allowing ro-
tation but prohibiting in-plane motion. A detailed description and
performance evaluation of the test fixture, found in Ref. 17, shows
that the test fixture allows rotation at the pinned boundariesand ade-
quately restrains the specimens (plates, concave, and convex shells)
as desired.

Full cylinders are supported at three locations (in cross section)
as shown in Fig. 3: at the floor (bottom of cylinder) and at two angle
irons spaced 254 mm apart (symmetric about the cylinder bottom)
and 57.2 mm above the floor. This configuration allows elongation
of the cylinder diameter perpendicularto the loading direction.

Impact Testing

A device previously developed for impact testing of composite
structures'® was used to horizontally accelerate a steel impacting
rod (total mass of 1.60 kg) mounted in linear bearings to the de-
sired velocities. A light-gate assembly is used to measure the im-
pactor velocity (within £0.1 m/s) just before specimen contact.
A force transducer, mounted behind a 12.7-mm (1/2-in.) diameter
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Table 2 Test matrix

T, T 13
Span R1 R2 R3 Rpa R1 R2 R3 Rp R1 R2 R3 Rp
Si 4¢ 4 4 4 1 4 1 1 1 1 4 1
S> 4 1 1 —_— —_— 1 —_ —_ —_ 1 1 e
S3 4 1 1 —_— —_— 1 1 —_ e _ 1 e
S| concave 4 1 1 e 1 1 —_ —_ 1 —_ 1 —_
Sc® 4 _ - — — — — — — — —
2Rp indicates plate configuration (radius equal to 00).
bSc indicates full cylinder.
“Indicates one quasi-static test and number of impact tests at different velocities.
Loading 0°
+6

305 mm diameter

57.2 mm

|« 254 mm ] _l_
T

|
/777N

j«——152 mm

102 mm: je—

Fig. 3 Illustration of boundary condition for full cylinders. Note: not
to scale.

hemispherical steel tup on the impacting rod, measures load within
+4.2 N (0.95Ib).

Because of the dynamic nature of the impact, the force measured
by the transducer must be modified to account for the inertia of the
tup.?’ 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
converter and recorded on a Macintosh IIx computerat 50 kHz. The
measured force-time data can be twice integrated to give deflection-

time data:
w(t):/ [/ a(t)dt+v0i|dt + xq 2)
0 0

where w(t) is deflection, a(t) is the modified (to account for the
tup inertia) force-time history divided by the mass of the impacting
assembly, 7 is time, v, is the measured initial velocity, and x, is
the initial specimen deflection, which is zero. The integrations are
performed using the trapezoidal rule where the time step is equal to
the data-sampling interval of 20 us.

Quasi-Static Testing

Quasi-static testing was performed with an MTS-810 uniaxial
testing machine under stroke (deflection) control. An MTS 8896-N
(2000-1b) load cell is used to measure the force on the specimen,
and the stroke of the testing machine is used to measure deflection.
Force resolution for quasi-static testing is 0.9 N (0.2 1b), whereas
the deflection resolution varies with stroke range but is always bet-
ter than +0.06 mm. Peak force is known a priori for each test from
the impact tests at 3 m/s, and peak deflection is estimated using
Eq. (2) to obtain an approximate stroke range for each test. The
strokerate is set so that loading and unloading each lasts 3 min, giv-
ing a total test time of 6 min for each specimen. Data are sampled at
2 Hz with the same dataacquisitionsystempreviouslydescribed. Al-
though the data are notreported herein, indentationof the specimens

10 mm

Fig.4 Typical x radiographsof damage: shown are specimen types (on
the left) Ry S; T3 (concave) impacted at 3.0 m/s and (on the right) RpS1 Ty
(plate) impacted at 2.1 m/s.

was also measured using a linearly variable differential transformer
displacement transducer placed directly under the indentor.

Damage Evaluation

Dye-penetrant-enhancal x radiography?!*?? and visual inspection
were used to characterizedamage.!” Dye penetrant was injected via
a syringe into a 0.79-mm-diam hole drilled through the damage
area. Flash tape was placed on the back surface of the specimens to
contain the dye. This technique allows an integrated view (through
the thickness) of delamination and matrix cracking. Typically, the
dominant delaminations and matrix cracks extend in the +45- and
—45-deg directions, with the +45-deg direction always having a
greater extent, as shown in the sample x radiographs provided in
Fig. 4. This type of damage is typical of that found in previous plate
investigations,e.g., Ref. 23, where the major axis of the delamina-
tions is generally parallel to the fiber direction of the lower ply. Two
damage metrics were defined for use with the planar x-radiograph
view of the damaged specimen. The delamination lengths in the
+45- and —45-deg directions were measured to the nearest mil-
limeter and then averagedto yield 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 that is used
to quantify the distribution of damage. The average damage extent
and damage extent ratio for the two specimens shown in Fig. 4 are,
respectively,20 mm and 0.44 (R, S, T; concave) and 8 mm and 0.33
(RpSiT)).

Results and Discussion

In considering the results of this work, there are three items that
are importantto note up front. The first is a snap-through-typeinsta-
bility evidentin the loading response of many of the convex config-
urations. This type of instability has been studied extensively in the
literature for arches (a summary can be found in Ref. 24) and shells,
e.g.,Refs. 12 and 25. In these cases, as illustrated using quasi-static
datainFig. 5, the loading progresses along the first equilibriumpath
until a criticalload is reached (oftentimes referred to as the buckling
load or herein as the critical snapping load). After the critical snap-
ping load, the response follows a stable path through an instability
region to the second equilibrium path. As with arches (and line-
loaded shells), the first equilibriumpath is associated with compres-
sive membrane stresses (in the circumferential direction in Fig. 1),
whereas tensile membrane stresses develop along the second. Thus,
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Fig. 5 Illustration of definitions used to describe instability charac-
teristics: force vs normalized deflection data from quasi-static test of
convex specimen RS T;.

the sign of the circumferential membrane stress switches in the tran-
sition between equilibrium paths. The large-deflection behavior of
the instability is illustrated by nondimensionalizingthe deflections
with respect to specimen thickness in Fig. 5. The presence of the
instability in many convex shell responses results in differences in
many of the response characteristics, including peak impact force,
damage extent, and damage distribution. Thus, results must be con-
sidered within the context of the instability.

The second item to note is the equivalence of quasi-staticand im-
pact tests in this regime, which has previously been established |7+ 2
Thus, in regard to studying the effects of varying structural param-
eters on the resulting response of the structures in this investiga-
tion, quasi-static data are used interchangeably with impact data.
Therefore, quasi-staticdata are utilized in this paper to elucidate the
effects of the structural parameters, and the conclusionsare directly
applicable to the impact tests due to the response equivalence.

The third item is the importance of peak force as the controlling
damage resistance metric. In impact and quasi-static testing of the
same structure, the resultingdamage stateis correlatedto peak force,
and furthermore, damage is shown to increase with peak force.!7-%
This is a well-knownresultfor composite plate structures. The effect
of varying structural parameters on damage resistance can therefore
be evaluated by considering the effect on the resulting peak force;
e.g.,if increasingthe radiusincreasesthe peak force, thenincreasing
the radius will generally cause an increasein the damage. Peak force
is the key to understandingdamageresistance and will be considered
in detail later in this section.

Effects of Structural Parameters

The structural response is characterized in two ways. First, the
load-deflection response reflects the overall specimen behavior and
can be particularlycharacterizedby the initial and secantstiffnesses.
As part of characterizing the load-deflection response, the critical
snapping load, which indicates the onset of instability, and the de-
flections associated with the instability are key traits for convex
specimens. Second, the peak force attained in the response (as well
as the equilibrium path on which it occurs) is a measure of the im-
pact damage resistance of the composite structures. Trends in these
response characteristics were noted for each of the three structural
parameters (radius, span, and thickness) considered.

The most obvious structural difference between plate and shell
structuresis the radius of curvature. The quasi-staticload-deflection
response shown in Fig. 6 for concave, plate, and convex specimens
with the same span () and thickness (7)) illustrates the effect of
radius on the loading response with the instability being the most
immediate effect (difference). The convex shell results in Fig. 6
clearly show that as the radius increases, both the critical snapping

o omn
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Fig. 6 Quasi-static loading response of S; T concave, plate, and shell
specimens: [, concave; X, plate; and o, convex.
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Fig. 7 Blowup of Fig. 6: quasi-static loading response of S{7; plate
specimen and convex shell specimens of various radii: o, convex,and X,
plate.

load and the deflections associated with the instability decrease.
This behavior is noted for all convex shells tested.

With the introduction of the instability with radius, the overall
loading response for the convex shells can be compared with the
other configurations. The plate behavior is noted to be the limiting
response as it represents the case of increasing the radius indefi-
nitely (radius equal to oo or curvature equal to zero) for both the
convex and concave specimens. This response trend with radius can
be further elucidated by considering trends in the load-deflection
response, particularly structural stiffness trends, before and after
the instability. The initial loading response for the plate and convex
shell specimens in Fig. 6 are shown in Fig. 7. During the initial
loading, specimens with larger radius are less stiff with the plate
configuration being the least stiff, i.e., most compliant. This trend
of decreasing initial stiffness with increasing radius is found for all
specimenstested and is evidentfor concave specimensin Fig. 6 with
radius considered in an absolute sense, i.e., only the magnitude and
not the sign is considered. However, it can be seen in Fig. 6 that
the overall specimen stiffness (secant stiffness) decreases with de-
creasing radius (after the instability for convex specimens), i.e., the
stiffness trend reverses for convex shells with an instability. Con-
cave specimens, however, have the same trend of decreasing initial
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Fig.8 Quasi-static force-deflection response with shifted deflection ori-
gin for specimen types R3S; T and R3S1T; (concave).
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Fig.9 Quasi-static force-deflection response with shifted deflection ori-
gin for specimen types R,S; T, and R,S1T> (concave).

and secant stiffness over the entire range of loading. Thus, charac-
terization of the initial stiffness of the convex shell structure tells
little of the specimen response after the shell transitions through the
instability.
Such structural response trends, particularly with regard to spec-
imen stiffness, can be linked to the effect of changing the radius
of curvature on the mix (or ratio) of bending and membrane stiff-
ness(es) and their contributions to the overall response. Different
combinations of structural parameters can result in dominance of
either the membrane or bending stiffness at different stages of the
response, particularly when considering membrane stiffening. The
dominanteffect of membrane stiffnessfor some convex shells on the
second equilibrium path, particularly the thinnestin the test matrix
(T7), can be considered by plotting the response for a convex and
concave shell with the same structural characteristicsusing a trans-
lated deflection origin. The deflection origin for this comparison lies
in the initial plane of a plate. A convex shell that acts primarily as
a membrane, i.e., small relative bending stiffness, with this origin
shift would have a loading response, after the instability,identical to
aconcaveshell with the same structuralparameters. This origin shift
is performed in Fig. 8 for specimen R;S; T} (convex and concave)
where it can be seen that the response on the second equilibrium
path for the convex shell is nearly the same as that of the concave

Deflection (mm)

Fig.10 Quasi-static loading response of R3S3 convex specimens of var-
ious thicknesses.
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Fig.11 Quasi-static loadingresponse of R, T; convex specimens of var-
ious spans.

shell. However, there is a discernible difference noted in the be-
havior for thicker specimens as can be seen in Fig. 9 for specimens
R,S,T, and R, S, T, (concave). Althoughthe specimens appearto be
approachingsimilar behavior, the greater bending stiffness for these
thicker specimens keeps the convex shell from completely taking
on the shape, and thus the behavior, of the concave shell, at least
until much higher loads are reached.

Of the three structural parameters, specimen thickness has the
most direct effect on both the bending and the membrane contribu-
tions to the stiffness of the laminates. As increasing specimen thick-
ness increases both the bending and membrane stiffness, thickness
should strongly affect both the initial and overall (secant) response
of the structures. This can be seen in the loading response of the
three convex shell specimens presentedin Fig. 10, where the initial
and overall stiffnesses increase with increasing thickness. This is
true for all specimens tested, including plates and concave shells.
Increasing the thickness generally increases the critical snapping
load or eliminates it from the response as can be seen for the 7, and

T; specimens in Fig. 10. This is likely due to the increased bending
stiffness of the laminate.

In contrast to thickness, span is noted to have little effect on
the critical snapping load. This can be seen in the response curves
presented in Fig. 11, which show the effect of changing the span
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Fig. 12 Quasi-static loading respone of specimens R;S3;7T; (half-
cylinder) and R;S¢ T (full cylinder).

on the load-deflection response for convex shells with an instability.
However, the effect of span on the initial specimen stiffnessis clearly
evident. Both the initial and overall (on the second equilibrium path)
stiffnesses decrease as span is increased. These trends in stiffness
are generally observed for all cases.

Although the effect of boundary conditions was not explicitly
addressed for all configurations, results from the full cylinder con-
figuration can be used to reinforce some of the other results with
regard to overall load-deflection response. The full cylinder config-
uration tested herein is a special case of the convex shellsand can be
directly compared with the half-cylinder restrained in the test fix-
ture. The cylinderresponseis clearly less stiff than the half-cylinder
as can be seen in Fig. 12. The decreased stiffness of the full cylin-
deris attributed to the inextensionalflexural mode of deformation®’
in which the diameter of the cylinder elongates perpendicular to
the loading. This mode of deformation is suppressed in the case
of the half-cylinder by the test fixture. The absence of this bound-
ary condition affects the mix of bending vs membrane stiffness
in the two structures. With the constraint of the test fixture, the
half-cylinder will have greater membrane stiffening than the un-
restrained full cylinder. For a typical aircraft fuselage, the inex-
tensional/flexural mode would also be suppressed during a small
object impact, and therefore the use of full cylinders to study the
impact/transverse loading response of composite shells as in, e.g.,
Refs. 11 and 28, should be limited to cases where this mode is likely
to contribute.

The second response characteristic to consider is the peak force.
Once again, the strongest effect is with thickness, which is again
attributableto the overall stiffer response of thicker specimens. The
trend of increasing peak force with increasing thickness can be seen
in Fig. 13 where the peak force for convex specimens impacted
at 3 m/s is shown. Peak force is noted to increase with increasing
specimen thickness for all specimens (and configurations) tested,
regardless of the instability. However, it is important to note that the
peak force trend with radius changes depending on which equilib-
rium path the peak force occurs. This can be seen Fig. 14, where
the resulting peak force for various convex specimens impacted at
3 m/s is presented. If the loading remains on the first equilibrium
path, the peak force decreases with increasing radius, whereas the
opposite is true if the loading reaches the magnitude of the critical
snapping load on the second equilibrium path. This is likely due
to the different relative roles of bending and membrane stiffness
in these two regimes. Although distinct effects of span on the re-
sulting peak force are difficult to identify, the majority of the data
indicates that peak force generally decreases with increasing span
regardless of the instability. As an alternative to considering the ef-
fects of individual structural parameters on the resulting peak force,
nondimensional ratios of these (e.g., R/T) can be considered as
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Fig. 13 Peak impact force vs thickness for various convex specimens
impacted at 3 m/s (note: filled data point indicates peak force occurs on
the second equilibrium path): o, R{S;; O, R,S,; and <, R3S3.
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Fig. 14 Peak impact force vs radius for various convex specimens im-
pacted at 3 m/s (note: filled data point indicates peak force occurs on
the second equilibrium path): o, S;Ty; <, §1T>; 0, S3T7; and A S1T5.

well as nondimensionalratios using shell height. Shell height often
appearsin arch analyses, particularly as the nondimensionalheight-
to-thicknessratio. Although the height-to-thicknessratio appears to
correlate peak force over a limited range, no conclusive trends with
this or any other nondimensional structural ratio were found.

Damage Resistance

The importance of peak force in correlating damage extent be-
tween impact and quasi-static tests has been discussed at the be-
ginning of this section. The fact that peak force is a controlling
parameter in damage formation is reinforced in Fig. 15, where av-
erage damage extent is plotted vs peak impact force for all speci-
mens tested (impact and quasi-static results). The average damage
extent is noted to be an increasing function of peak impact force
and to increase nearly linearly for convex shells up to a force of
approximately 1500 N, regardless of the structural parameters that
govern the response (and, thus, peak force). Plates and concave
shells are noted to also follow a nearly linear trend in Fig. 15 over
the entire range of resulting peak forces. However, at peak forces
above approximately 1500 N, the average damage extent increases
significantly for convex shells that remain on the first equilibrium
path. These specimens displayedincreaseddamage extentas well as
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Fig. 15 Average damage extent vs peak force for plates, concave and
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Fig.16 Quasi-static loading response of ST convex specimens of var-
ious radii.

atypical damage distributions. It has been hypothesized that com-
pressivemembrane stressesin convex shells thatare generatedwhen
the peak force occurs on the first equilibrium path are likely a key
mechanism in this type of damage formation?® These specimens
damage to a greater extent than other convex shells with an insta-
bility (tensile membrane stresses) at an equivalent peak force. In all
cases, however, damage extent is noted to increase with increasing
peak force for the same laminate. Thus, increased peak force results
in increased damage, with the caveat that the equilibrium path on
which the peak force occurs must also be considered.

Effects of structural parameters on the resulting damage resis-
tance should therefore be able to be evaluated by considering their
effect on the resulting peak force. Thus, given a laminate and a
damaging event, e.g., impact, varying structural parameters (radius
and span in this investigation) such that peak force increases should
produce increased damage. The quasi-staticresponse curves shown
in Fig. 16 show that as the radii of these shells increases, the peak
force also increases. These curves are related to the impact response
of the same specimens through the peak force metric, i.e., the spec-
imens in Fig. 16 are loaded to the same peak force as that measured
in the impact tests at 3 m/s. The x radiographs of the damage states
for these specimens are shown in Fig. 17 and have average damage

10 mm

Fig.17 Damagex radiographsfor S»T; convex specimens (quasi-static
loading response in Fig. 17): R;S,T (on the left), R,S, T (in the center),
and R3S, T; (on the right).

extents of 0 (no damage), 7, and 11 mm with increasing radius,
respectively. Damage becomes more severe at higher radii due to
the higher peak force during the loading event. Thus, the effect of
varying a structural parameter can be evaluated by considering the
effecton the structuralresponse and, in particular, the resulting peak
force. This trend holds for other cases in this investigation as well.
However, attention must also be given to structural parameters that
cause the peak force to remain on the first equilibrium path as dam-
age extent increases significantly (and is of a different nature) for
convex shells. Structural parameters that cause the peak force to re-
main on the first equilibrium path, effectively delaying the onset of
the instability, include increased curvature (decreased radius) and
increased thickness.

The trend of impact damage with regard to varying structural pa-
rameters has been explained through the peak force attained during
the loading. A key mechanism by which the structural parameters
affect the peak force, and thus damage, is through the development
of the instability region. During an impact event, the energy of the
impactormustbe absorbedby the specimenthroughstructuraldefor-
mation and damage. Specimens that can absorb greater amounts of
impact energy withoutreaching high peak forces will be more dam-
age resistant. As always, the equilibrium path must also be consid-
ered. For example, it has previously been shown that convex shells
can be more damage resistant than corresponding plate specimens
due to the instability?® The convex shells absorb the impact energy
through large deformations through the instability region, whereas
the plate, having no instability, loads monotonically to high peak
forces to absorb the impact energy. Thus, the plate is damaged to a
greater extent than the shell for a given impactevent. The trend with
radius for convex shells established herein further substantiates this
finding. Shells with more curvature have larger instability regions
and reach lower peak forces as in Fig. 16. Likewise, increasing the
span has the same effect on the instability region and the resulting
damage.

The effect that structural parameters have on the instability region
of convex shells is therefore particularly important in evaluating
damage resistance. The energy absorbed (elastically) through the
instability region is proportional to the critical snapping load and
the deflections associated with the instability region. This elastic
deformation, which is not associated with increasing the peak load
beyondthe critical snappingload, effectivelyimprovesimpact dam-
ageresistance.Utilizing the finding thatno specimensdamage below
a (threshold) peak force of approximately400 N, structural parame-
ters thatresultin critical snappingloads below 400 N will contribute
to the impact damage resistance of these specimens. For example,
specimen R, S, T, approaches 400 N in Fig. 16 and undergoes ex-
tremely large deformations (over 60 times the specimen thickness)
through the instability region, but the specimen is not damaged. It
is logical then to conclude that if the critical snapping load is below
the damage incipience threshold, a convex specimen will not dam-
age until the loading (e.g., impact) event is severe enough to push
the response to higher peak forces on the second equilibrium path.
Thus, structural parameters that can maximize energy consumption
throughthe instability region, with critical snappingloads below the
incipient threshold, will be most damage resistant.

Summary
The transverseloading response of various composite shell struc-
tures was investigated experimentally. Quasi-static and impact tests
at different velocities were used to evaluate the structural response
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(including damage). Basic structural parameters (radius, span, and
thickness) were independently varied to determine their effects on
the resulting response. Load-deflection curves, peak force, and in-
stability parameters such as the critical snapping load are used to
characterize the effect of the structural parameters on the response.

The results of this work establish trends with regard to struc-
tural parameters (radius, span, and thickness) and general response
characteristics of composite shells under transverse loading. Given
the peak force damage resistance metric, these results have appli-
cation to low-velocity impact due to the equivalence demonstrated
previously between impact and quasi-static tests. Variations in the
structural parameters are noted to affect the initial and overall (se-
cant) specimen stiffness, the critical snapping load, the deflections
associated with the instability, and damage resistance. Of the three
structural parameters, thicknessis noted to have the greatesteffecton
the loadingresponseandresultingpeak force. This is attributedto the
increased laminate membrane and bending stiffnesses as thickness
increases.Shellradiusis also clearly importantdue to the (dominant)
effects of the instability in convex shell response. For example, the
trend of peak force with radius is noted to reverse depending upon
which equilibrium path the response ends.

Damage resistance is related to variations in the structural pa-
rameters through their effect on the peak force attained during the
loadingevent. Due to the impactenergy consumptionmechanismof
structural deformation through the instability region, decreasingra-
dius, increasing span, and decreasing thickness are generally shown
to enhance impact damage resistance for convex shells. However,
when the convex shellresponseremains on the firstequilibriumpath,
damage resistance of the composite shells is detrimentally affected.
This is attributed to compressive membrane stresses that promote
sublaminate buckling, and thus delamination growth, on the first
equilibrium path.

It should be noted that the loading response plots presented in
this work represent an average specimen response, i.e., informa-
tion such as deflection mode shapes is not known. Furthermore, a
determination of whether the critical snapping load is associated
with bifurcation or limit point buckling cannot be made from the
force-deflection data. The data also necessarily contain the effects
of specimen imperfections (imperfection sensitivity), loading mis-
alignments (however slight), unsymmetric and mathematically im-
perfectboundary conditions, and other such effects. Boundary con-
ditions are known to be importantin a general sense and specifically
in the response of thin composite shells,**-*! particularly when shell
instabilities are involved3? Imperfections, whether in the form of
loading misalignments or manufacturing defects, likewise can alter
the resulting response. The effects of boundary conditions, imper-
fections, and the possibility of unsymmetric deformation modes on
the impactdamage resistance of composite shells are recommended
areas of future study.

Contributionsto the damage state from both membrane and bend-
ing stresses, particularly for shells that were shown to damage
severely on the first equilibrium path, should likewise be further in-
vestigated. Modeling of composite shells to determine the effects of
both structural parameters and the instability region on the resulting
damage state are required to fully understand mechanisms (such as
membrane stresses and energy-consumingability) that affect dam-
age resistance. Analytical and numerical parametric studies should
be undertaken to evaluate the relative importance of each structural
parameter on the resulting shell response. Only by investigating the
relative importance of these many effects can we attain the needed
more general understanding of the response of composite shells to
transverse loading.
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