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Buckling Response of Transversely Loaded
Composite Shells, Part 1: Experiments

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

The transverse loading response of convex composite shell structures typical of aircraft fuselage sections was
investigated, and the experimental work is reported. Important mechanisms in the response, particularly insta-
bilities (buckling), were studied by investigation of the force-deflection response and the evolution of full-field
deformation shapes. Quasi-static tests were conducted to simulate impact of convex shells. The specimens were
laminated, cylindrical shell sections in [1-45,/0,]; configurations, where n takes on values of 1, 2, and 3. The three
structural parameters of radius, span, and thickness were varied according to a scaling relation and were chosen to
represent approximate fuselage dimensions of general aviation and commercial transport aircraft. All specimens
were evaluated for damage with dye-penetrant enhanced x radiography and sectioning after mechanical testing.
The structural response changes both quantitatively and qualitatively for the different shell geometries and was
categorized into three types based on the existence of the instability transition characteristics such as deforma-
tion shapes. The presence of the instability becomes more likely for deeper, thinner specimens where the ratio of
membrane stiffness to bending stiffness is higher. This can be characterized by a structural parameter involving
geometric and material factors. The majority of the specimens showed no damage, but the limited experimental
evidence did show plate-like damage occurring in the shell specimens before any instability. Suggestions for further

work to extend these findings are made.

1. Introduction

HE performance of composite structures during low-velocity

impact events is an important design consideration for
aerospace structures. The low through-thickness strength character-
istics of laminated composites make them particularly vulnerable
to out-of-plane loadings such as transverse impact events. Consid-
erable research has, therefore, been devoted in recent years to un-
derstanding the impact response, including damage resistance and
damage tolerance, of composite structures.! =3 However, the major-
ity of the work has been on laminated plates, with far less consider-
ation given to the damage resistance of composite shells.** Because
many aerospace structural components, such as fuselage panels, are
shells and not plates, the current knowledge gained from research
on the impact of plates may not apply to all structural configura-
tions. To establish a comprehensive understanding of the transverse
impact of general aerospace structures, it is, therefore, necessary
to study the structural behavior and the related damage resistance
characteristics of composite shells.

More specifically, there is a need to recognize and study the
unique characteristics of shells as compared to plates. Differences
in geometric coupling between bending and membrane deforma-
tions for plates and shells can cause significant changes in the
structural response. A transversely loaded plate will develop ten-
sile membrane stresses as the deflections increase, thus, giving a
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monotonically stiffening and stable force-deflection response. A
convex shell, however, instantly generates compressive membrane
stresses under transverse load, which may result in an instability
as the force-deflection response moves between two stable equi-
librium paths.5~!° This can involve either limit-point or bifurca-
tion buckling. A recent study has shown that this instability can
dramatically improve the energy absorption characteristics of the
structure and is also important in the determination of the equiva-
lence of plate and shell damage states based on peak force.!® The
existence of asymmetric deformation shapes within the instability
region has been reported for arches and cylindrical panels subjected
to line loads.®!''~!3 However, relationships between the deforma-
tion shapes and the instability in the force-deflection response of
a typical engineering laminate, that is, one with bending-twisting
coupling subjected to the point-load condition, often experienced
during foreign object impact, have not been explored. Furthermore,
experimental results for the deformation shapes of such panels are
currently not available in the literature. To extend fully the existing
knowledge of plate impact to include shells, the underlying mecha-
nisms of this instability, including the complex deformation shapes,
must first be understood.

The overall objective of the current work is to gain a more de-
tailed understanding of the mechanisms associated with the snap-
through instability and its influence on the structural response
and damage development of shell panels representative of realis-
tic fuselage configurations. This is accomplished by experimental
investigation of the force-deflection response and the evolution of
full-field deformation shapes. Static indentation tests are used to
simulate large-mass, low-velocity (nonballistic) transverse impact
conditions.*!0:14-16

II. Approach

An experimental investigation utilizing quasi-static loading con-
ditions was carried out to gain a more detailed understanding of
the structural response and damage characteristics of convex com-
posite shells. The shells considered were cylindrical convex sec-
tions made from Hercules AS4/3501-6 prepreg tape in a [+45,/0, ],
configuration, where n takes on the values of 1, 2, and 3. This
configuration was chosen for comparison with previous impact
investigations'®!"~1° and to utilize the effective ply concept for dam-
age comparison.'® The ply angle is relative to the circumferential
direction of the shell, as shown in Fig. 1.
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Fig. 1 Generic test specimen with geometric variables R, (radius), S,
(span), and T, (thickness).

Each of the three structural parameters radius R, span S, and thick-
ness T', as defined in Fig. 1, was varied according to the following
scaling relation:

X, =n(Xy) )]

where X represents any of the three structural parameters, X; rep-
resents the base value for structural parameter X, and n takes on
various values. The base values of the structural parameters R,
(152 mm), S; (102 mm), and T} (0.804 mm) have been established
in previous work*!” and were followed in this investigation. Ra-
dius parameters of R¢ and R, with values of 914 mm (36 in.) and
1829 mm (72 in.) were chosen to represent approximate fuselage
dimensions of general aviation and commercial transport aircraft,
respectively.?’ Span parameters of S, S,, and S; with values of
102, 203, and 305 mm and thickness parameters of Ty, 1>, and T3
with values of 0.804, 1.608, and 2.412 mm were chosen to encom-
pass typical stringer spacings and thicknesses found in commercial
aircraft.?® As noted earlier, the chosen layup allows for thickness
scaling via the effective ply concept, that is, the effective thick-
ness of material at each unique angle is changed in the same ratio,
thereby keeping the number of ply mismatch interfaces constant.”!
This eliminates any influence on the damage state due to a chang-
ing number of ply mismatch interfaces and allows the effects of the
structural parameters on the damage to be more clearly evaluated.

All possible combinations of geometric parameters were tested,
thereby giving a fully populated test matrix. The total number of
specimens tested for each geometry was dependent on the damage
characteristics, with a minimum of one test for each geometry to
measure deformation shapes.

The force-deflection response and damage characteristics of con-
vex shells have been shown to be equivalent for quasi-static loading
and low-velocity/large-mass impact conditions.*!%1=17 Static tests
are desirable because they are easier to conduct and standardize due
to the elimination of impact-related variables.'> Quasi-static test-
ing was, therefore, utilized in the present investigation to simulate
low-velocity/large-mass impact conditions.

The portion of the response where compressive membrane
stresses develop in the circumferential direction, including a possi-
ble instability region, is of particular interest because this has been
identified as the primary difference from plate behavior.>% ! The ex-
perimental tests were, therefore, designed to capture only the portion
of the response with compressive membrane loading. The transition
from compressive to tensile membrane loading was assumed to be
complete when the convex panel reached a fully inverted, or con-
cave, configuration. This criterion was used to terminate each test.

A quasi-static test was performed for each combination of geo-
metric parameters. Contact force at the loading point and deflection
data on the panel surface were recorded. All tested specimens were
subsequently evaluated for damage by the use of dye-enhanced x
radiography and sectioning. Additional tests were performed on
specimens types that exhibited damage to further investigate dam-
age incipience and development.

III. Experimental Techniques

An overview of the experimental procedures is given in this sec-
tion. A more detailed description of all procedures can be found in
Ref. 22.

A. Specimen Preparation

Laminates measuring 305 mm (12 in.) x 349 mm (14 in.) were
laid up by hand and subsequently placed on cylindrical molds and
cured with the standard manufacturer’s cure cycle with full vacuum
and 0.59-MPa external pressure throughout the 1-h flow stage at
116°C and 2-h set stage at 177°C of the autoclave cure.?>?* Each
laminate was also subjected to an 8-h postcure at 177°C. The lami-
nates were held in special shell fixtures and trimmed with a water-
cooled diamond saw to remove resin-rich edges and were then cut
to the appropriate specimen sizes. The resulting variations in spec-
imen thickness and radii were determined, with special mapping
techniques, to be less than 8% (Ref. 22).

B. Testing

The specimens were placed in a test fixture (Fig. 2) designed
specifically for the transverse loading of cylindrical shells.!”-??
Pinned/no in-plane sliding, that is, hinged, boundary conditions
along the circumferential edges and free boundary conditions along
the axial edges were approximated by the test fixture. Hinged cir-
cumferential edges restrict in-plane motion, thereby generating the
compressive membrane stresses necessary to produce an instability,
whereas free axial edges allow full panel rotation, which enhances
the global deformations. The circumferential edges rest against the
supports in shallow grooves that minimize the resistance to rotation
inevitably created by friction. Note that the rotation condition pro-
vided by an actual stringer support falls somewhere between simply
supported and clamped conditions.

Deformation shapes of each specimen were obtained in situ by
a deflection measurement assembly mounted to the base of the test
fixture. The assembly consists of a noncontact laser displacement
transducer, with a resolution of 10 wm, mounted to a moveable
traverse mechanism. The traverse provides continuous movement
in the spanwise direction at discretely spaced axial intervals of
12.7 mm. With a suitable traversing speed and data sampling rate,
detailed spanwise deformation shapes are traced out from below the
shell at five predetermined axial positions by the laser. This allows
the full-field deformation shapes of the entire panel to be inferred
readily.

Quasi-static tests were conducted on an MTS-810 uniaxial testing
machine under stroke (deflection) control. The resolution of stroke
control varies from 6.2 to 31.0 «m, depending on the choice of stroke
range. The test fixture, with the specimen in place, is mounted to
the machine’s lower grip, whereas the 12.7-mm hemispherical steel
indentor and MTS 8896 N (2000-1b) load cell, with a maximum
resolution of 0.66 N, are mounted in series to the fixed upper grip.
Each test consists of an application of forward stroke until the shell
reaches an approximately concave configuration, followed by re-
verse stroke back to the original unloaded position. The stroke rate
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Fig. 2 Side view of test fixture with convex shell.
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is set such that the total uninterrupted application of forward and
reverse stroke takes 12 min. Subsequent procedures differ based on
whether the test is for the purpose of deformation shape or damage
measurement.

The first set of tests performed were to obtain the deformation
shapes throughout the snap-through process. Tests are carried out
up to the point where the originally convex panel assumes a fully in-
verted, that is, concave, configuration, which typically occurs as the
deflection value reaches twice the original specimen height. During
each test, the application of a forward stroke is interrupted and held
at 10 equally spaced intervals of center deflection during which de-
formation shape data are taken. This yields a full-field deformation
shape evolution for each specimen with increasing center deflection.

Separate data acquisition systems were utilized during each test
due to the different sampling frequency requirements of the various
measurements. Load and stroke data are sampled directly from the
MTS electronic outputs at 0.5 Hz continuously throughout the test
by the use of Labview data acquisition software. The deformation
shape data from the traverse assembly and laser are taken only during
the held-stroke portions of the tests and are each sampled at 20 Hz
with a Nicolet 206 digital oscilloscope. The speed of the traverse is
adjusted for each specimen to yield approximately 100 data points
for each spanwise deformation shape. Practical limitations on the
size of data files and test duration necessitated such an arrangement.

Additional quasi-static tests were performed to further investi-
gate damage incipience and development in specimen geometries
that showed damage in the first test, that is, when deformed into the
fully inverted configuration. These subsequent damage tests were
conducted in an effort to identify damage incipience and develop-
ment with respect to the primary force-deflection regimes as defined
in Fig. 3: first equilibrium path, instability region, and second equi-
librium path. Separate tests were conducted up to center-deflection
values corresponding to the local extremum that separates the pri-
mary regimes. This allowed the regime that contained the point of
damage incipience to be identified. One additional test was then
conducted in an attempt to identify the damage incipience point
more closely and to further clarify the overall development of dam-
age with increased loading. Specimen geometries that showed no
signs of damage in the deformation-shape tests would have dam-
age incipience and development occurring further along the second
equilibrium path where tensile membrane stresses develop. As men-
tioned earlier, this was beyond the limits imposed by the design of
the grooved-edge boundary conditions. Furthermore, damage char-
acteristics for these specimen geometries are similar to those found
in plates®'® and are not the focus of this study.

C. Damage Evaluation

All specimens were inspected for damage by the use of dye-
penetrant enhanced x radiography and sectioning. Dye penetrant
was injected into a 0.79-mm hole drilled at the contact point. Flash

Load
A
Critical Snapping
Load
First
Equilibriu
Path
B Second
Instability Equilibrium
/ Region Path

Deflection

Fig. 3 Illustration of load-deflection response of convex shell with
instability.

tape was placed on the back surface of the panel to contain the
low-viscosity dye, which easily wicks into the damaged regions via
capillary action. The damaged regions show up as dark regions in
an x ray photograph. This technique provides a through-thickness
integrated view of damage, including matrix splits and delamina-
tions. After the x radiography was completed for a specimen that
revealed some damage, the specimen was sectioned along the cen-
ter span with a diamond saw. The cut surface was buffed with a
felt bob rotating in a drill press while a slurry mixture of powder
and water was applied. This created the smooth surface necessary to
identify the damaged areas when viewed with an optical microscope
at 30x magnification. Transverse matrix cracks and delaminations
are observed as white lines against the black surface of the mate-
rial. This technique allows the distribution of damage through the
thickness to be identified at all locations along the center span.

IV. Results and Discussion

The instability in the force-deflection response of a convex shell,
under stroke-controlled conditions such as a low-velocity impact
event,!! is shown in Fig. 3. The response begins on the first equilib-
rium path of nonlinear prebuckling, characterized by its softening
behavior as it approaches a local maximum termed the critical snap-
ping load. Beyond this point, in postbuckling, the response moves
into the instability region, characterized by its negative slope. The
response then proceeds through a local minimum and onto the sec-
ond equilibrium path, which exhibits monotonic stiffening behavior.
An important distinction to be made regarding this force-deflection
response is that this instability region can only exist under stroke-
controlled conditions. If the response is load controlled, the panel
will dynamically snap through to an equal load on the second equi-
librium path, which corresponds to an inverted concave configura-
tion. This investigation only considers the buckling phenomenon as
manifested under the stroke-controlled conditions of a low-velocity
impact event. In fact, there is a possibility that the panel could dy-
namically snap-through to the inverted configuration even when
stroke-controlled conditions are utilized. If the force-deflection re-
sponse crosses the zero-force axis, this indicates that a tensile force
would have to be applied by the indentor to maintain contact with
the panel under further deformation. Because a negative force could
not occur with the simple indentor used in the experiments, this
zero-crossing point, therefore, coincides with the panel dynami-
cally snapping away from the indentor into the inverted configura-
tion. Also note that some convex shells do not display an instability
region and simply transition from the first to second equilibrium
paths via an inflection point. The general shell response is, how-
ever, in contrast to the plate response, which is entirely stable and
monotonically stiffening.

The deformation shape evolutions recorded by the laser-traverse
assembly provide a snapshot of the panel’s shape at successive states
of deformation. However, for this paper, a more compact presenta-
tion of the data is achieved by considering only what happens along
the central spanwise and axial sections of the panel. Close exam-
ination of the full data sets show that the primary aspects of the
deformation behavior are adequately represented by the data along
these central sections. Deformation shape evolutions along these
central sections are presented in the sections that follow. The full
details of the deformation shapes can be found in Ref. 22.

A. Characterization of Response Types

Three distinct types of experimental load-deflection responses
were observed and characterized: inflection (type 1), limit-point
buckling (type 2), and bifurcation buckling (type 3). Although limit-
point and bifurcation buckling both involve an instability, they are
different in many respects.?* Instability simply refers to a region of
negative slope in the load-deflection response. In limit-point buck-
ling, the prebuckling state grows nonlinearly (and smoothly) to the
critical point, which is characterized by zero slope. In contrast, the
change in slope in bifurcation at the bifurcation point can be dis-
continuous because bifurcation involves a change in mode shapes
and, thus, a switching (or branching) to a secondary equilibrium
path. Therefore, both the load-deflection responses and the mode
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Fig. 4 Force-deflection response for specimen R1,S,7'3, showing type 1
behavior.
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Fig. 5 Central spanwise deformation-shape evolution for specimen
R1,5,T5 at different values of center deflection w,.

shapes were considered when the response types were categorized.
Type 1 responses are found to be smooth and stable, with no in-
stability. Response types 2 and 3 both have regions of instability,
that is, they buckle although each has a different buckling mecha-
nism and associated deformation characteristics: Type 2 cases are
observed to have smooth transitions through the instability region
and no changes in mode shapes, whereas type 3 cases oftentimes
have nonsmooth regions and always have changes in mode shapes.

As noted, type 1 load-deflection responses were entirely stable
and transition from the first to second equilibrium paths via an inflec-
tion point rather than an instability region, as shown in Fig. 4. The
experimental deformation shapes along the central spanwise and
axial sections, for type 1 specimens, were fully symmetric about the
loading point. A typical type 1 central spanwise deformation-shape
evolution, given in Fig. 5 at different values of center deflection w,,
clearly shows the progression from a convex to a concave config-
uration. Inflection points, located symmetrically about the loading
point, can be seen to grow steadily outward toward the boundary
as the center deflection is increased. The central axial deforma-
tion shape evolution for the same specimen, given in Fig. 6, shows
deformations that are approximately uniform throughout the test,
although there is some axial variation at larger center deflections
symmetric with the loading point. The progression of deformation
mechanisms in the spanwise direction are, therefore, similar at all
axial points for these specimens, yielding a shape with very little
variation in the axial direction.

Specimens with an experimental type 2 force-deflection response
smoothly transition between equilibrium paths via an instability
region, as seen for a representative specimen, R;,S375, in Fig. 7.
The small deviations from a smooth response on the underside of
the curve are due to small changes in load experienced during the
held-stroke positions and are not considered significant.
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Fig. 6 Central axial deformation-shape evolution for specimen
R1,S,T}; at different values of center deflection w,.
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Fig. 7 Force-deflection response for specimen R;,S37'3, showing type 2
behavior.
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Fig. 8 Central spanwise deformation-shape evolution for specimen
R1,53T5 at different values of center deflection w,.

The deformation shapes for type 2 specimens along the central
sections displayed fully symmetric behavior, as seen for specimen
R1,83T5 in Figs. 8 and 9. Observations similar to those made for the
central spanwise evolutions of type 1 specimens apply here as well.
The central axial deformation shape evolutions of Fig. 9 show that
a concave shape initially develops with the maximum deflection at
the center beneath the loading point, that is, at 1.3 mm. As the center
deflection is increased to larger values, such as 8.9 mm, the shape
becomes flatter, which is similar to the type 1 specimens. The key
difference in the response of type 1 and 2 specimens is that the latter
shows a limit-point behavior in the load-deflection data.
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Fig. 9 Central axial deformation-shape evolution for specimen
R1,53T5 at different values of center deflection w,.
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Fig. 10 Force-deflection response for specimen R¢S37>, showing type 3
behavior.

Type 3 force-deflection responses often showed nonsmooth be-
havior along with a zero-force crossing as the panel snapped away
from the indentor into an inverted configuration. As shown in Fig. 10
for specimen RS37T,, there is a discontinuity, or load-drop, at the
beginning of the instability region, followed by a zero-force crossing
further along the instability region. Such type 3 specimens, there-
fore, dynamically snapped away from the indentor into the inverted
configuration.

Deformation shapes for type 3 specimens were symmetric on the
first equilibrium path and became asymmetric at some point near the
critical point within the instability region. The asymmetric shapes
can be seen for specimen RS375 in the central spanwise and axial
deformation shape evolutions shown in Figs. 11 and 12. The central
spanwise deformation shapes develop a sinusoidal shape whereas
the central axial deformation shapes become slanted to one side. The
axial slanting noted in these cases is attributed to bending—twisting
coupling in this laminate type. The nearly sinusoidal shape of the
shell after bifurcation (Fig. 11) implies that the left-hand side of the
shell undergoes significantly more bending than the right-hand side.
Increased twisting is, thereby, expected on the left-hand side as com-
pared to the right-hand side. This twisting response is manifested as
the slanting noted in the axial variation in Fig. 12. The symmetric
nature of the inverted (concave) shell mode at the center deflection
of 24.8 mm in Fig. 11, and the lack of slanting in the corresponding
axial shape in Fig. 12, further supports this explanation. Panel snap
away can be detected in Figs. 11 and 12 by an inconsistently large
interval of center deflection as the inverted configuration is attained.
Note that a fully symmetric deformation shape is recovered, along
both the central spanwise and axial sections, after the panel snaps
into the inverted configuration.
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Fig. 11 Central spanwise deformation-shape evolution for specimen
RS3T; at different values of center deflection w,.
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Fig. 12 Central axial deformation-shape evolution for specimen
RS3T; at different values of center deflection w,.
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Fig. 13 Central spanwise deflection-from-undeformed evolution for
specimen R¢S3T, at different values of center deflection w,.

B. Effect of Structural Parameters

Parameters that characterize the structural behavior in the experi-
ments are utilized to demonstrate relationships between the symme-
try of deformation shapes, load-deflection behavior, and the initial
geometric configuration.

The state of symmetry for the deformation shapes along the cen-
tral span is further quantified by consideration of the deforma-
tions relative to the initial configuration, or the deflection-from-
undeformed shapes. These shapes are generated by subtraction of the
initial configuration from all deformation shapes, as shown for spec-
imen R S375 in Fig. 13. Symmetric deformation shapes have a max-
imum deflection at the midspan, whereas asymmetric deformation
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Table 1 Values of the parameter \ and response type?

T P T3
Span R Ri2 Re Rz Rs Ri2

S1 4.04/2 3.00/1 2.82/1 197/1 232/1 1.63/1
\Y) 7.779/3  5.87/3 57753 427/2  453/2  3.29/1
S3 11.8/3 8.51/3 8.46/3 6.14/3 6.87/3 4.96/2

“A-Value/response type.

250 — — 1
o Load R6S2T1
o3
200 +
40.5
o o
= 0 w
4-0.5
N x PP -1
10 15

Center Deflection (mm)

Fig. 14 Force-deflection and &-deflection responses of specimen
RsS>Tq (type 3).

shapes show a migration of the point of maximum deflection away
from the midspan. Thus, a degree-of-asymmetry parameter 8 is de-
fined as the distance the point of maximum deflection migrates away
from the midspan location, normalized by the panel halfspan. Note
that transversely loaded plates always have a maximum deflection
and, hence, maximum curvature, at the loading point, that is, § = 0.
However, convex shells that exhibit asymmetric shapes may have
their maximum deflection, curvature, and bending stresses away
from the loading point.

The value of § remains near zero throughout the test for type 1
and 2 specimens because they exhibit fully symmetric deforma-
tion shapes. However, type 3 specimens, such as R4S,7;, develop
nonzero § values after the load drop in the force-deflection diagram,
as seen in Fig. 14, suggesting that the load drop is directly related to
the onset of asymmetric deformation shapes and, thus, bifurcation.

Characterization of response type based solely on structural
configuration and layup were also investigated. Previous analyti-
cal work® with line-loaded orthotropic shells yields a geometric/
material parameter A that governs the response type:

)\,=A11R2/34/D11 (2)

where Ay, and D, are the components of the laminate in-plane
and bending stiffness matrices in the circumferential direction, R is
the radius of curvature, and $ is one-half of the included angle, as
shown in Fig. 1:

B =sin"'(S/2R) 3)

where S is the shell span. The nonlinear analysis assumes moder-
ately large rotations and no variation in the width of the shell (as in an
arch). For laminates with effective plies, this parameter varies with
the panel height-to-thickness ratio. Thin, deep shells have higher
values of A, whereas shallow, thick panels have lower values. The
three response types are then defined by different ranges of 1. Re-
sponse types and A values are given in Table 1. As with earlier
work, the same variation of response type with the A parameter is
observed in this work. Shells with values of X less than 3.5 have an
inflection point (type 1), those with values of A between 3.5 and 5.0
experience a limit point (type 2), and those with values of A greater
than 5.0 bifurcate (type 3). In addition, there is a further subclass

Locally concave region

Fig. 15 Exploded view of spanwise deformation near critical snapping
displacement for specimen R¢S373: M, undeformed and O, near critical
snapping displacement.

within type 3. Three specimens (R¢S27%, R¢S3713, and R1,537) had
a smooth instability region, whereas the other five type 3 specimens
all had nonsmooth instability behavior (Fig. 10). These three noted
specimens had the lowest values of A within the type 3 specimens,
except for the case of specimen R,5,77.

As expected, these ranges of A do not precisely correspond to
those derived analytically. The disagreement is due to material cou-
plings (e.g., bend—twist), the assumption of line-load, and/or devia-
tions from the idealized boundary conditions of the model. However,
the parameter adequately captures and groups the type of specimen
response for all specimens tested.

C. Damage Response

Only the thickest and deepest specimen (R S3 75, which had type 3
behavior) revealed damage when investigated with x-ray and sec-
tioning techniques. As a result, the damage testing program was
carried out only for this specimen geometry. Further tests conducted
up to center deflections within each key regime revealed that this
specimen damaged very near the critical snapping load and before
entering the instability region. Incipient damage was identified as a
matrix crack on the backface of the panel just below the loading point
along the +45-deg direction in the 45-deg ply. The damage pro-
gression showed the development of delaminations at the interface
with the —45-deg ply group with increasing center deflection. This
damage behavior is very similar to the incipient tensile failure and
subsequent ply mismatch delamination seen in transversely loaded
composite plates.":3 A possible explanation for this behavior is that
the tensile component of the bending stress dominates the compres-
sive membrane stresses as the critical snapping load is approached.
An exploded view of the central spanwise deformation shape very
near the critical snapping load, shown in Fig. 15, shows that there is
a locally concave region of large curvature near the loading point.
This configuration would support the existence of high local bending
stresses and, thus, the tensile failure observed in the experiments.
Panel deformation shapes at earlier stages of the first equilibrium
path showed much smaller bending deformations beneath the load-
ing point. Therefore, specimens whose damage incipience occurs at
this early stage may show different damage behavior due to the pre-
dominantly compressive membrane conditions.?>?® Further work to
investigate the detailed state of stress is recommended to verify this
interpretation.

Damage incipience and growth for most specimen geometries
in this investigation were not found to occur within the regimes
of compressive membrane stresses. Therefore, any conditions that
would induce damage in these specimens would occur on the second
equilibrium path under predominantly tensile membrane stresses
and would, therefore, likely have characteristics similar to plates.!°

V. Implications for Damage Resistance

The results of the current work tend to confirm the use of peak
force as a critical damage metric for these convex shells. The peak
force and damage state of specimen RsS37T3, at progressive states of
deformation beyond the critical snapping deflection, showed very
little variation, even though the center deflection varied by as much
as 47%. This suggests that peak force is a controlling parameter in
the damage response, even with the presence of an instability. This
R¢S3T5 specimen has platelike damage characteristics that occurred
on the first equilibrium path. This behavior most likely results when
incipient damage occurs near the onset of buckling, that is, near
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the critical snapping load, where the bending stresses can become
dominant. Further investigation into the similarities between shell
and plate damage characteristics in this regime, including the use of
peak force as a damage metric, is warranted.

The majority of the specimens in this investigation show the abil-
ity to be deformed into the fully inverted configuration without sus-
taining damage. This suggests that the damage initiation and de-
velopment on further loading would likely be dominated by tensile
membrane loading and, therefore, be very similar to that observed
for plates. However, before a complete extension can be made to ac-
tual fuselage structures, the support along the circumferential edges
must also be considered.

The peak impact force reached during an impact event depends
strongly on the qualitative nature or type of force-deflection response
exhibited by the shell. The consistent trends in the force-deflection
response type with geometric/material parameters demonstrates
how a shell structure can be designed to have markedly different
characteristics. Previous work has shown that the instability pro-
vides increased impact energy absorption through smaller contact
forces.'® When appropriate, this characteristic of the response could
be exploited to design a more damage-resistant structure. The sim-
ple parameter A can be used as a preliminary means to assess the
response of a given shell structure, including the possible presence
of an instability and asymmetric deformation shapes. In addition,
the asymmetric deformation shapes that occur during bifurcation
buckling (type 3 response) may affect the damage characteristics.
Asymmetric deformation shapes allow the possibility of high bend-
ing stresses and, hence, possible damage formation, away from the
loading point. In such cases, evaluation of the damage with the com-
mon laboratory method of dye-penetrant enhanced x radiography at
the loading point would be inappropriate.

VI. Summary

The structural mechanisms of transversely loaded convex shells
have been investigated experimentally. The structural response
changes both quantitatively and qualitatively for different shells and
is characterized into three types in this work. The presence of an
instability in the force-deflection response becomes more likely for
deeper, thinner specimens, where the ratio of membrane stiffness to
bending stiffness is higher, as characterized by the structural param-
eter A. Specimens with very high values of this parameter develop
asymmetric deformation shapes and snap away from the indentor
into the inverted configuration at some point within the instability
region. The transition from symmetric to asymmetric deformation
shapes and the panel snap-away phenomenon are dynamic processes
that exist even under quasi-static, stroke-controlled loading where
the indentor is not attached to the specimen.

The structural response is inextricably related to the damage char-
acteristics of the shell. Previous work has shown that shells with
type 1 or type 2 responses exhibit platelike damage behavior when
incipient damage occurs on the second equilibrium path. Limited
experimental evidence in this study shows that plate-like damage,
that is, tensile failure on the back face at the loading point, can also
occur at points on the first equilibrium path due to large bending
deformations near the loading point. The interplay between bend-
ing and membrane stresses at points along the first equilibrium path
warrants further examination. Shells that have an instability and
also develop asymmetric deformation shapes (type 3 bifurcation re-
sponse) could conceivably develop damage away from the contact
point because this is no longer the point of maximum curvature.
Changes in stress distributions and elastic behavior for the differ-
ent structural response types and regimes are, therefore, crucial to
the development and design of damage resistant composite shell
structures.

The different types of structural behavior exhibited by convex
composite shells have been shown to depend on both the panel ge-
ometry and material. Although a line-load parameter was shown to
characterize the trends for the shells of square planform in this inves-
tigation, the role of different boundary conditions including support
along the axial edges, should be studied in more detail because
actual fuselage panels possess some degree of rotational restraint

along both the axial and circumferential edges. The effect of a vary-
ing planform will also enter into this consideration. The role that
specimen geometry and boundary conditions play in generating the
membrane and bending components of stress should be examined
further through analysis. In addition, the limit-point and bifurcation
buckling behaviors should be examined analytically, including the
effects of imperfections, because markedly different responses and
deformation shapes can develop. With a fundamental understanding
of the full-field stress state and its relation to the global structural
behavior and damage formation, intelligent use can be made of com-
posites in the design of damage resistant fuselage structures.
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