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Testing of Stiffened Composite Cylindrical Shells
in the Postbuckling Range Until Failure

Chiara Bisagni* and Potito Cordisco’
Politecnico di Milano, 20156 Milan, Italy

The results of an experimental investigation of two stringer-stiffened shells and of two ring- and stringer-stiffened
cylindrical shells made of carbon fabric reinforced plastic are presented. The specimens are tested until collapse by
means of custom-made biaxial testing equipment that allows axial and torsion loading, applied separately and in
combination, using a position control mode. This apparatus includes a laser scanning system for the measurement
in situ of the geometric imperfections, as well as of the progressive change in deformations. The experimental data
acquired during the first nondestructive buckling tests and during the destructive failure tests clearly demonstrate
the strength capacity of these structures to work in the postbuckling field, allowing for the further weight savings
likely to be requested in the near future for the construction of aerospace structures. Indeed, the results show that
the shells are able to sustain load in the postbuckling field without any damage, whereas the collapse, both under
axial compression and under torsion, due to the failure of the stringers is sudden and destructive. The measured
data can be used for the development and validation of analytical and numerical high-fidelity methods and, together
to these validated analysis tools, to provide design criteria that are less conservative than those presented.

Introduction

ECENT advances at NASA in the development of aircraft

structures and launch vehicles have indicated that existing
monographs on cylindrical shell stability need to be updated and
expanded.!? For example, the original NASA monographs® that re-
port recommendations for the design of buckling-resistant cylindri-
cal structures provide reliable, but often overly conservative means
of designing shells by the use of simple, linear analytical models
and an empirical correction factor, the “knock-down factor.” Like-
wise, these reports contain practically no design information for
lightweight high-performance composite shells.

The interest in updating the monographs is mainly driven by sig-
nificant advances in computer technology and computational anal-
ysis tools, as well as in experimental methods and techniques.

The improved computational analysis tools have made it possible
to introduce more sophisticated analytical and numerical models
for the nonlinear shell response, allowing investigation of complex
geometries, loading conditions, boundary conditions, as well as the
introduction of initial geometric imperfections. The nonlinear buck-
ling behavior of several structures has been studied numerically in
recent years, such as stiffened shells in offshore applications* and a
liquid-oxygen tank to serve as a new space shuttle superlightweight
external fuel tank.’

Numerical simulation has proven capable of performing structural
optimization of composite panels under buckling, postbuckling, and
strength constraints®~® and can be used to establish shell buckling
behavior trends and perform sensitivity studies on a wide range of
parameters for the definition of design recommendations.'%~13

The analytical and numerical models need to be validated with
test results before they can be used with full confidence. At the
same time, the advancements in experimental methods and tech-
niques provide more carefully controlled experiments and high-
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fidelity test results.!* A selective testing approach, in conjunc-
tion with numerical simulations, is particularly important when
the costs of conducting experiments and the costs of test spec-
imens such as those made of fiber-reinforced composite mate-
rials are considered. Consequently, selective experiments can be
identified and accurately conducted to establish credible design
recommendations.

For example, technology is now available to measure accu-
rately the initial geometric imperfections of composite shell test
specimens'>!¢ that can be used as inputs to the international im-
perfection data bank for comparative studies on the effect of the
manufacturing process on the magnitude and spatial distribution of
the geometric imperfections.!”!® Furthermore, they can be intro-
duced in the numerical models to understand the effect of the ini-
tial geometric imperfection shape and amplitude on the composite
shells.!:1°

New combined load test capabilities have been developed at Po-
litecnico di Milano, and selective fiber-reinforced composite cylin-
drical shells have been tested to investigate the effect of axial com-
pression and torsion applied individually and in combination,'+20-23

Experimental data available for composite cylindrical shells are
still scarce, especially in the postbuckling range all of the way to
failure. On the other hand, further weight savings, likely to be needed
in the near future for aerospace structures, can be reached with
composite stiffened structures by allowing them to operate in the
postbuckling range, as is the case for metallic structures. For this
reason, the postbuckling response must be clearly identified and
understood, as well as the collapse load and the collapse mode,
through selective experiments.

The present paper describes the results of an experimental in-
vestigation on two stringer-stiffened cylindrical shells and on two
composite ring- and stringer-stiffened cylindrical shells made of
carbon fabric reinforced plastic (CFRP). After measurements of the
geometric imperfections, tests are performed under axial compres-
sion and torsion, by the use of a position control mode, applied
individually and in combination. Then, the two stringer-stiffened
cylindrical shells were tested until collapse under axial compres-
sion and the two ring- and stringer-stiffened cylindrical shells were
tested until collapse under torsion. The experimental data acquired
during the first nondestructive buckling tests and during the destruc-
tive collapse tests can help in the investigation of the load-carrying
capacity of these structures, with regard to their ability to work in
the postbuckling field without damage, and can be used, together to
high-fidelity analysis methods, to develop design criteria less con-
servative than those presented.
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Cylindrical Stiffened Shells

The four specimens were fabricated by Agusta helicopter com-
pany in Italy from a CFRP fabric tape material. The material was
laid up on a mandrel and cured in an autoclave to form four shells
of two different configurations.

Both of the configurations present the same geometrical dimen-
sions: an internal radius of 350 mm and a length of 700 mm. The
actual length of the specimens is limited to the central part of the
cylinder height and is equal to 540 mm. This is due to the necessity of
including two tabs at the top and at the bottom of the shells, to permit
fixing into the test facility. The lamina material properties, reported
in Table 1, are experimentally obtained by tests performed according
to the Independent European Program Group guidelines.?*

The two configurations were designed to be able to work in the
postbuckling range. Consequently, the number of stiffeners and their
layups were optimized to guarantee a local skin buckling after the
critical buckling load and before the final collapse. In particular, the
first configuration was designed to offer a ratio between the collapse

Table 1 CFRP lamina material properties

Property Lamina
Young’s modulus Ey;, N/mm? 57,765
Young’s modulus E;, N/mm? 53,686
Shear modulus G2, N/mm? 3,065
Poisson’s ratio vy 0.048
Density p, kg/mm?> 1,510
Ply thickness, mm 0.33

load and the first buckling load under axial compression equal to
about three. The second configuration was intentionally designed
to work under torsion, offering a ratio between the collapse torque
and the first buckling torque equal to about three. Consequently, two
stringer-stiffened cylindrical shells were fabricated for the first con-
figuration and two ring- and stringer-stiffened cylindrical shells for
the second configuration. Indeed, the presence of a central reinforc-
ing ring, cocured on the external surface at one-half of the height
of the cylinder, has been demonstrated to be the best method to in-
crease the postbuckling range under torsion without the influence
of buckling torque.?>%

The first configuration (Fig. 1a) is characterized by eight stringers,
L-shaped, equally oriented and equally spaced in the circumferential
direction. The details of the skin and stiffener layups are shown in
Fig. 1b. The blade of the stiffeners is 25 mm long, whereas the flange
attached to the skin of the cylinder is 32 mm long. The stiffeners
present a rounded corner, with an average radius of 7 mm, due
to the manufacturing process. The skin of the cylinder is made of
2 plies, [+45 deg] oriented, whereas the stringers consist of 12 plies
[0 deg/90 deg]s, oriented, where O deg is the axial direction of the
shell. In correspondence with the stiffeners, on the outer side of
the skin, three reinforcement layers [0 deg/45 deg/—45 deg] are
added. The reinforcements are 40 mm and 700 mm long in the
circumferential and in the axial direction, respectively. The stringers
are bonded to the skin, and then nine rivets are added for each stringer
for safety in case of debonding.

The second configuration (Fig. 1c) consists of ring- and stringer-
stiffened cylindrical shells. The details of the skin and stiffener lay-
ups are shown in Fig. 1d. The stringers are equal in number and

Stringer: [0°/90°] 3

Skin: [45°/-45°]
Reinforcement: [0°/45°/-45°]

I\

32 mm 40 mm

25 mm

b)

Stringer: [0°/90°] 54

Skin: [45°/0°/-45°]
Reinforcement: [-45°/0°/45°]

32 mm 40 mm

25 mm

d)

Fig. 1 Test specimens: a) stringer-stiffened shell, b) details of the skin and stiffener layups, ¢) ring- and stringer-stiffened shell, and d) details of the

skin and stiffener layups.
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dimension to those of the first configuration, but consist of eight
plies [0 deg/90 deg]y, oriented. The skin of the cylinder is made of
three plies [45 deg/0 deg/—45 deg], whereas the reinforcements in
correspondence with the eight stringers are obtained by the addition
of three layers [—45 deg/0 deg/45 deg] on the outer side of the skin.
Moreover, this configuration is characterized by a reinforcing ring in
the central part of the cylinder. The ring is 40 mm high and consists
of eight plies [0 deg/90 deg], oriented. Like the vertical stringers,
the reinforcing ring is bonded to the outer side of the skin and then
riveted in correspondence with the stiffeners.

Test Apparatus

The test facility, shown in Fig. 2, was used in buckling tests under
axial compression, torsion, and combined axial compression and
torsion, by the use of a position control mode. A detailed description
of the test apparatus is presented in Refs. 21 and 23. For clarity,
the main characteristics of the test facility and of the experimental
process are summarized here.

During axial compression tests, the load is provided by a hy-
draulic ram, but the load level, which is transferred smoothly to the
cylinder, is governed by the axial displacement of the upper loading
platform. Indeed, this displacement is computer-controlled, moving
four stepping motors connected to four ball screws placed at the four
corners of the loading platform. During torsion tests, the rotation is
given to the specimen bottom by a torsion lever. The lever motion is
computer-controlled, producing the desired displacement of a screw
by a stepping motor. The equipment allows the application of axial
compression and torsion in any desired sequence.

During the tests, three linear variable differential transformers
(LVDTs) give directly the axial displacement of the specimen, mea-
suring the distance between the upper clamp and the lower clamp.
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Fig. 3 Tests until local buckling of the first shell of the first configuration for the axial compression test: a) diagram of axial load vs displacement
and b) postbuckling mode, and for the torsion test: ¢) diagram of torque vs rotation and d) postbuckling mode.
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Three additional LVDTs measure the tangential displacement of the
specimen bottom with respect to the top. A load cell, situated under
the lower platform, is used to measure both the compression load
and the torsion moment.

The inner surface of the specimens is scanned by means of an op-
tical system consisting of five laser displacement sensors. They are
placed inside the specimen at the distance of 40 mm, avoiding any
contact with the specimen and, consequently, without influencing
the buckling behavior, thus guaranteeing a measurement range of
415 mm with a resolution of 15 um. Hence, it is possible to mea-
sure the inner surface in terms of geometrical imperfections (some
tens of micrometers), prebuckling shape, and progressive change
of postbuckling deformations (about 10-20 mm). Measurements of
the inner surface are taken over a uniform grid with steps of 10 mm
in the axial direction and 10 mm (approximately 0.03 deg of arc) in
the circumferential direction. The time required to scan the whole
inner surface is only 4 min.

Test Procedure

After that, each specimen is mounted in the test apparatus, the
geometric imperfections are measured in situ, and they are then
processed by custom-developed software that calculates the best-fit
cylinder through the entire grid of measured points. This widely used
data processing technique permits, on one hand, an easy introduction
of the imperfections into the analytical and numerical models'""®
and, on the other, allows the imperfections to be used as inputs to
the international imperfection data bank for comparative studies on
the effect of the manufacturing process on the magnitude and spatial
distribution of the geometric imperfections.>!”-18
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The first specimen of each configuration is first tested until the
local buckling load is reached under pure axial compression and
under pure torsion, respectively. Then combined tests under axial
compression and torsion are carried out until the local buckling loads
are reached. These tests are performed two to three times to verify
the repeatability of the obtained results. Finally, the collapse test is
executed. In contrast, on the second specimen of each configura-
tion, only the collapse test is performed. This allows for evaluation
of the effect of the repeated buckling on the postbuckling cycles by
comparison of the results obtained for the two nominally identical
specimens of a single configuration. The modality of the collapse
tests changes according to the configuration: The shells of the first
configuration are collapsed under axial compression, whereas col-
lapse tests under torsion are carried out on the specimens of the
second configuration.

During the torsion tests, to perform completely displacement-
controlled tests, it was decided to constrain the axial displacement
of the upper loading platform and to apply a controlled rotation
to the lower one. Because the axial shortening of the cylinders is
constrained, a considerable axial reaction force develops in the tests.

For combined tests, the specimen is twisted in the counterclock-
wise direction to a predetermined value of torque, and then axial
compression is applied until local buckling is reached. In previ-
ous work on unstiffened CFRP cylindrical shells, it was noted that
the sequence of application of axial compression and torsion in the
combined tests influence neither the buckling load nor the buckling
deformation.?’

In all of the tests, axial displacement is applied in steps of about
0.005 mm, whereas angular rotation steps of about 0.0005 deg
are imposed via software. After each step, the effective values of
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Fig. 4 Tests until local buckling of the first shell of the second configuration for the axial compression test: a) diagram of axial load vs displacement
and b) postbuckling mode, and for the torsion test: ¢) diagram of torque vs rotation and d) postbuckling mode.
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Table 2 Local buckling loads for axial compression and torsion tests: first specimen of the first configuration

First test in axial Second test in axial Third test in axial First test Second test
Buckling compression compression compression in torsion in torsion
First load 92.7 kN 92.5 kN 92.6 kN 3.0 kNm 2.8 kNm
First displacement 0.515 mm 0.503 mm 0.521 mm 0.027 deg 0.025 deg

Table 3 Local buckling loads for axial compression and torsion tests: first specimen of the second

configuration
First test in axial Second test in axial First test Second test Third test
Buckling compression compression in torsion in torsion in torsion
First load 162.5 kN 172.5 kN 14.7 kN 14.8 kN 14.8 kN
First displacement 0.747 mm 0.741 mm 0.097 deg 0.099 deg 0.097 deg
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Fig. 5 Results of compression—torsion buckling tests: a) first and b) second configuration.

displacement, rotation, axial load, and torsion moment are mea-
sured by the six LVDT and the load cell. The curves of axial load
vs displacement and of torque vs rotation are out lined in real time
during the tests. In each test, the inner surface of the cylinder is
measured several times, according to the duration of the test (typi-
cally, from 7 times for a pure compression test until the first local
buckling to 30 times for a collapse test). This permits evaluation of
the evolution of the surface from the undeformed prebuckling shape
to the deformed postbuckling one. Moreover, collapse tests are dig-
itally recorded by a double high-resolution camera system to detect
the zones of the shell where the failure starts from, as well as its
modality.

Tests Until First Local Buckling Under Axial Compression
and Torsion Applied Separately

In the first round of tests, one specimen was tested three times
under pure axial compression until local buckling. Table 2 presents
the obtained first buckling loads and the corresponding axial dis-
placements. The difference among the measured buckling loads is
less then 1%.

Figure 3a depicts a typical axial load vs displacement curve and
presents both the load and the unload phases. Note that stiffness did
not change after local buckling. The reason is that the largest part
of the load is supported by the stringers, which continue working
even after the buckle of the skin. This is due to both the number of
plies and their orientation. Indeed, whereas the skin is composed
of only two [45 deg/—45 deg] plies, the stringers are made by the
superimposition of 12 plies [0 deg/90 deg]ss oriented. Figure 3b
shows, instead, a typical postbuckling shape. It is characterized by
the presence of two small half-waves in five sectors and by a bigger
single half-wave in the remaining three sectors. The maximum dis-
placements normal to the surface recorded in the postbuckling field
during these tests are equal to 6 mm inward and to 3.5 mm outward.

Then, two torsion tests were performed: The obtained buckling
torque and the corresponding displacement are reported in Table 2.
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Fig. 6 Axial load vs displacement of the collapse test on the first shell
of the first configuration.

Even these tests’ results are repetitive, with a difference equal to 7%
in the buckling torque.

Figure 3c shows a typical torque vs rotation curve. The kink
corresponds to the local buckling torque. Under torsion, indeed, the
role played by the axial stringers is negligible, and so the stiffness of
the specimen sensibly decreases after the skin buckles. Even if the
load and the unload parts of the curve do not perfectly superimpose,
no residual deformations are recorded when torque is zero.

Figure 3d presents a typical postbuckling shape. In this case, the
stable postbuckling mode, which is the same for the two tests, is
characterized by the presence of a diagonal well-defined and per-
fectly regular wave in each sector. The displacements normal to the
surface of the cylinder reach 9 mm inward and 5 mm outward.

The first specimen of the second configuration is, at first, tested
twice until local buckling under pure axial compression. Table 3
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lists the obtained results. By comparison of the values, it is possible
to see a degree of repeatability: The difference is about 6% in load.

Figure 4a shows a typical axial load vs displacement curve. As
in the first configuration, the slope of the curve did not change after
the first local buckling load, and this is attributed to the presence of
the axial stringers. Figure 4b instead presents a typical postbuckling
deformed shape that is characterized by a single half-wave for each
sector, between two consecutive axial stringers and the circumfer-

ential ring. The displacements normal to the surface reach 8§ mm
inward and 4 mm outward.

Then, three torsion tests are performed. Table 3 lists the results
of the tests until local buckling, a result that is repetitive within a
difference of 1% among the buckling torques.

The measured torque vs rotation curve is reported in Fig. 4c. As
in the first local buckling, there is slope discontinuity. However, the
specimen offers a residual stiffness due to the central reinforcing

Fig. 7 Internal surface of the first shell of the first configuration during the collapse test: a) 0 kN, 0 mm; b) 93 kN, 0.515 mm; c) 128.9 kN, 0.746 mm;

d) 245.4 kN, 1.530 mm; e) 298.6 kN, 2.025 mm; and f) 372.8 kN, 2.843 mm.
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ring, and it is still able to sustain torsion load. Figure 4d shows the
obtained internal surface map. The postbuckling mode is character-
ized by a diagonal wave in each sector.

Tests Until First Local Buckling Under Combined Axial
Compression and Torsion

Three combined tests are carried out on the first cylinder of each
configuration. The results are listed in Table 4. They are performed
via twisting of the cylinder to one-, two-, and three-thirds of the
buckling torque measured during the pure torsion test, respectively,
and then under increasing axial load until the specimen locally
buckles.

Figure 5 shows the obtained interaction curves for the two con-
figurations.

The interaction curve of the first configuration presents a quasi-
constant slope. The transition of the postbuckling deformed shape
from the one obtained in the pure compression test to the one ob-
tained in the pure torsion test is gradual. The interaction curve of
the second configuration starts with a low gradient for a low value
of the applied torque and, at about one-half of the buckling torque

Table 4 Buckling loads for combined
compression and torsion tests

First configuration Second configuration

Ps, KN M, kKNm Py ,kN M, kNm
92.7 0 1725 0
66.0 0.7 154.0 3.6
38.1 1.4 119.9 72
15.1 2.1 75.8 10.8

0 2.8 0 148

recorded in the pure torsion test, it suddenly increases the slope and
maintains it almost constantly as the applied torque increases. It
is possible to associate the change in the slope of the curve to the
change in the deformed shape; parallel to the increase in the gradient,
the postbuckling mode of the cylinder changes from a shape more
similar to that of the pure compression test to a shape more similar
to that of the pure torsion test. This is in perfect agreement with the
results presented in a previous work® for unstiffened cylindrical
specimens, likewise made of CFRP.

Collapse Tests Under Axial Compression on the Two
Shells of the First Configuration

The first and second specimen of the first configuration are then
tested until collapse under axial compression, and the obtained re-
sults are presented in Table 5.

The axial compression load vs displacement for the first cylin-
der is presented in Fig. 6, where some points are highlighted in
correspondence with the measured surfaces reported in Fig. 7. The
curve presents a constant slope in its first part, even after the first
local buckling occurs at 93 kN (point b in Figs. 6 and 7b). At about
128 kN (point c in Figs. 6, 7c, and 8a) the deformation has already
spread all over the skin and is characterized by a double series of

Table 5 Collapse tests under axial compression
of the two specimens of the first configuration

Specimen 1 2

First buckling load, kN 93.0 103.3
First buckling displacement, mm  0.515 0.539
Collapse load, kN 3882 3803
Collapse displacement, mm 3.611 3.210

Fig. 8 Photographs of the postbuckling mode during the collapse test under axial compression.
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Fig. 9 Photographs of the collapse mode under axial compression.

half-waves in five sectors and by a single, bigger half-wave in the re-
maining three sectors. A third series of half-waves appears at about
250 kN (point d in Figs. 6 and 7d), whereas at 290 kN the waves in a
single sector evolve, in the center of the specimen, in a single large
half-wave (Figs. 7e and 8b). At this load, the mean displacements
normal to the surface reaches 12 mm both inward and outward.

In the postbuckling range, the change in load distribution and the
large increase in load carrying shared by the stiffeners causes the
buckling of the stiffeners (Fig. 8c). At about 357 kN, a progressive
reduction in the stiffness associated with drops in load starts, prob-
ably due to the buckling of the stiffeners, causing a reduction in the
slope of the curve. With a further increase in axial displacement, the
displacements normal to the surface also increase, reaching 14 mm
inward and 12 mm outward (Figs. 7f and 8d).

Neither failure mechanisms nor hazards are visible in the post-
buckling range. Only mild noises, possibly connected with limited
delamination, are heard just before the collapse, which occurs at
388 kN both suddenly and intensively audibly. Collapse is caused
by the simultaneous breakage of all of the stringers. The failure
mechanisms start from the stringers in the central area of the cylin-
der height, far from the clamping rings, then causing extensive frac-
ture in the skin and in the stringers (Fig. 9a). The phenomenon is
similar to the crippling of metallic structures®’ because there is a
local collapse in the stringers because the limit values are reached.
This causes the energy release in the failure area and, consequently,
extensive fracture both in the stringers and in the adjacent skin. No
damage or failure occur at the stiffener-skin interface. The rivets do
not break and no fracture starts from the rivets holes.

After the collapse, the specimen is not able to sustain the load any
more and the load suddenly drops to about zero. The ratio between
the collapse load and the first buckling load results equal to 4.2,
showing a long postbuckling phase.

A photograph of stringer damage from inside the cylindrical shell
after the specimen is taken out of the test facility is shown in Fig. 9b.

The second specimen of the first configuration is tested directly
until collapse under compression. Figure 10 compares the axial com-
pression vs displacement curve obtained for this shell to that one
of the preceding shell. It is possible to see how the behavior in the
prebuckling range and in the first part of the postbuckling field is
practically the same, even if the second shell is slightly more rigid.
(The stiffness difference is about 4.3%.) With regard to the evolu-
tion of the internal surface of the shell, it is the same as that of the
first specimen and is omitted for this reason.

Whereas the difference in the collapse loads is about 2% (Table 5),
the difference in the collapse displacements is about 11%. In this
case, the ratio between the collapse and the first buckling load is
equal to 3.7. Moreover, even if the collapse modality is the same as
that of the preceding specimen, because it starts from the failure of
the stringers, for this shell only five stringers break. By examination
of the curve, indeed, it is possible to see that the load does not go to
zero after collapse.
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Fig. 11 Torque vs rotation curve of the collapse test on the second shell
of the second configuration.

Collapse Tests Under Torsion on the Two
Shells of the Second Configuration

A collapse test under torsion loading is performed on the first
cylinder and on the second cylinder of the second configuration.

The significant data acquired during the tests are reported in
Table 6, whereas the measured torque vs the rotation angle for the
second cylinder is presented in Fig. 11, in which some points are
highlighted in correspondence with the measured surfaces reported
in Fig. 12.

Initially the slope is constant, followed by a kink corresponding
to the first local buckling torque at 15 kNm. The buckling of the
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Fig. 12 Internal surface of the second shell of the second configuration during the collapse test: a) 0 kNm, 0 deg; b) 15 kNm, 0.109 deg; c¢) 30 kNm,
0.499 deg; d) 36.9 kNm, 0.660 deg; e) 36.3 kNm, 0.736 deg; and f) 34.0 kNm, 1.077 deg.

skin occurs, at first in four sectors (Fig. 12b) and then, as the torque
increases, it evolves gradually to all of the other sectors. At 19 kKNm,
all of the skin is completely buckled (Figs. 12c and 13a). The cylin-
der presents two diagonal half-waves in each sector delimited by
two stringers in the circumferential direction and by the external
reinforcing ring in the axial direction. These waves are perfectly
defined and have a regular shape. The normal displacements are of
5.5 mm inward and 3.5 mm outward.

The shell shows a postbuckling residual torsional stiffness equal
to about 22% of the prebuckling shell because it is equal to
40 kNm/deg against a prebuckling value of 180 kNm/deg. The cen-
tral reinforcing ring helps the specimen to carry torque even in the
postbuckling phase.

By an increase in the torque, the out of the plane deformations
increase, reaching 8 mm inward and 5 mm outward, but they do
not change their shape (Figs. 12d and 13b) until, at about 39 kNm,
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Fig. 13 Photographs of the postbuckling mode during the collapse test under torsion.

Table 6 Collapse tests under torsion of the two specimens
of the second configuration

Specimen 1 2
First buckling torque, kNm 15.2 15.0
First buckling rotation, deg 0.100 0.109
First skin-ring separation torque, kKNm 36.1 39.1
Rotation at first skin-ring separation torque, deg ~ 0.640 0.711
Collapse torque, kNm 45.1 49.6
Collapse rotation, deg 1.616 2.093

with a rotation angle equal to about 0.7 deg, the central reinforcing
ring debonds from the skin in one of the cylinder sectors (Fig. 12e).
This is the direct consequence of the way the skin works under tor-
sion. Indeed, the postbuckling pattern of a cylinder without a cen-
tral reinforcing ring is characterized by ideal diagonal lines from
the lower-right to the upper-left corners of each sector. In this way,
traction stresses are concentrated along the bay diagonally, and the
fibers of these skin areas are free to shorten significantly and to move
internally with respect to the initial shell radius. This way of work-
ing is prevented here by the central reinforcing ring that, remaining
of the same radius, constrains the panel skin to arrange along two
different diagonal waves in each of the half-cylinder heights. Thus,
by an increase in the torque, meaningful interlaminar stresses ap-
pear between the panel skin and the reinforcing ring and produce
their separation. Once the central ring is debonded, the skin pattern
suddenly changes.

As the torque increases again, the ring debonds in other sectors
(Fig. 12f), and the radial displacements reach 14 mm inward and
10 mm outward. At a rotation of about 1.7 deg the circumferential

ring is completely debonded from the skin and is connected to the
skin only by the eight rivets that fix it to the stiffeners, as shown in
the photographs in Figs. 13c and 13d. Unfortunately, at this rotation
the laser scanning system was unable to measure the inner surface
any longer because the stringers were already significantly buckled
and touched the laser sensors.

The structural collapse occurs, intensively audibly and clearly
visible, at a torque of 49.6 kNm and at an imposed rotation of 2 deg.
The ratio between the collapsed torque and the first buckling torque
equals 3.3. The collapse is due to the simultaneous breakage of four
stiffeners. Even in this case, as was the case for the cylinders of
the first configuration, the failure starts from the stringers and then
suddenly evolves to the skin, as shown in Fig. 14a. In this case,
due to the torque applied, the failure of the stringers starts near the
clamping rings. As for the cylinders of the first configuration, the
collapse is largely due to the compression of the stringers caused
from the diagonal tensional field. A photograph of a stringer failure
from inside the cylindrical shell after it is taken out of the test facility
is shown in Fig. 14b.

Figure 15 presents the superimposition of the torque vs rotation
curves obtained for the two cylinders of this configuration. The
recorded values are reported in Table 6. The behavior of the two
specimens is very close both in the prebuckling and in the post-
buckling range up to the separation between the cylinder skin and
the central ring. Also, the evolution of the internal surface of the
first shell is the same as that of the second one, and, for this reason,
it is omitted. A noticeable difference is, instead, shown in the col-
lapse torque and in the corresponding rotation. The differences in
the values are quite large: 10% for torque and 23% for rotation. The
ratio between the collapse torque and the first buckling torque re-
sults equal three. It is difficult to see if the higher values of collapse
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Fig. 14 Photographs of the collapse mode under torsion.
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Fig. 15 Torque vs rotation curve of the collapse tests on the shells of
the second configuration.

torque and rotation are because the shell was not earlier tested under
repeated local buckling because the number of tested shells are few,
and the behavior was the opposite for the first configuration.

Conclusions

The results of an experimental investigation on buckling and post-
buckling behavior of four stiffened CFRP cylindrical shells were
presented and discussed. After the measurements of the geometric
imperfections, tests were performed under axial compression and
torsion, by the use of a position control mode, applied individually
and in combination. Then, two stringer-stiffened cylindrical shells
were tested until collapse under axial compression, and the two
ring- and stringer-stiffened cylindrical shells were tested until col-
lapse under torsion. During the tests, the axial load, the torque, as
well as the displacement and the rotation were measured with a load
cell and six LVDTs, respectively. In addition, a laser scanning sys-
tem measured the progressive change in deformations of the shells
in the postbuckling field.

The data acquired during the first nondestructive tests and during
the destructive collapse tests demonstrate that the shells are able to
sustain load in the postbuckling field without any damage. Indeed,
neither failure mechanisms nor any other hazards are visible in the
postbuckling range. On the other hand, the collapse, due to the failure
of the stringers both under axial compression and under torsion, is
sudden and destructive. It causes extensive fracture in the skin and
in the stringers, so that, after the collapse, the load suddenly drops
to about zero.

The experimental data show clearly the strength capacity of these
structures to work in the postbuckling range, allowing for the fur-

ther weight savings likely to be required in the near future for the
construction of aerospace structures. The ratio between the collapse
load and the first buckling load was shown to be higher than 3.

The measured data can be also used for the development and
validation of analytical and numerical high-fidelity methods and,
together to these validated analysis tools, to provide design criteria
that are less conservative than existing ones.
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