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/162Objectives
• Assess structural performance of four tow-steered composite shells with 

cutouts

- Shells with and without tow overlaps (same layup)

- Both small and large cutouts (serial tests)


• Apply geometrically nonlinear finite element analyses

- Predict shell axial stiffness and buckling loads

- Predict shell postbuckling response


• Compare modeled shell structural performance with compression test results

- Shell prebuckling axial stiffness 

- Local and global buckling loads and deformations

- Shell postbuckling deformations



/163Tow-Steered Shells

Fiber placement system has minimum 
steering radius → manufacturing constraint

Right-circular  
cylindrical shell

Design laminate to replicate “I-beam” bending response:

• Crown/keel carry axial compression/tension
• Sides carry shear loads
→ Circumferential angle variation

Principal fiber path defined as a constant-radius circular arc 
- Start angle  on crown/keel
- End angle  on sides

Θ0
Θ1

Arc width = mandrel circumference/4



/164Design for Manufacturing
Θ1

Θ0

No overlaps 
along shell sides

• Continuous fiber angle variation from 
 deg on the shell crown/keel, to 
 deg on shell sides

Θ0 = 10
Θ1 = 45

• Layups on crown/keel of shell with 
overlaps are ~ 2x nominal 8-ply 
thickness

• 22 steered courses required to cover 16.266 in. OD mandrel


• Nominal 8-ply  layups


• Shells with (Shell A) and without (Shell B) tow overlaps 
fabricated (no cutout)

[±45/ ± Θ]s



/165Description of Small Cutouts
• Small cutouts scaled to represent passenger doors 

on commercial aircraft fuselage barrel


• Cutouts are 3 in. (axial) x 4.88 in. (circumferential) 
with 0.50 in. corner radii


• Unreinforced cutouts machined into center of one 
side of each shell (layup ~ )


• 20 back-to-back strain gage pairs around cutout 
perimeter installed


• Full-field digital image correlation (DIC) applied

[±45]2s

Shell with small cutout 
installed in test stand



/166Description of Large Cutouts
• Large cutouts scaled to represent cargo doors on 

commercial aircraft fuselage


• Cutouts dimensions are 8 in. (axial) x 5.25 in. 
(circumferential) with 0.75 in. corner radii


• Unreinforced cutouts machined into center of one 
side of each shell (layup ~ )


• 24 back-to-back strain gage pairs around cutout 
perimeter installed


• 2 LVDTs centered on vertical edges to measure out-
of-plane deflections around cutout

[±45]2s

Detail of shell with 
large cutout



/167Finite Element Models

a. Small Cutout b. Large Cutout c. Boundary Conditions

Reference Point
U = -ux, all other 
DOFs constrained

Potting
V = W = 0

Potting
V = W = 0

Reference Point is connected to 
all shell end nodes with rigid beams
(shown in both green and black)

All DOFs constrained
on shell end

Fig. 4 Meshed cylinders with (a) small cutout and (b) large cutout, showing mesh refinement around the

cutouts. (c) Boundary conditions applied in all models, i.e., Shell A-Small, Shell A-Large, Shell B-Small, Shell

B-Large.

experimental tests, the two ends of the cylinder were compressed between two rigid platens, with one end stationary
and the other translated axially. In the model this condition was reproduced by completely restraining (clamping) the
circumferential nodes at one end of the cylinder. At the other end, a central reference point was connected to the
circumferential boundary nodes using a rigid-beam multi-point constraint. The reference point was restrained completely
with only axial displacement along the length of the cylinder allowed. This produces the well-known "wheel" e�ect,
with the reference point acting as the "hub" and the rigid beams as the "spokes". To represent the encasement provided
by the epoxy potting, all nodes falling with 1 in. of the two cylinder ends were also prevented from displacing radially
and tangentially. The applied boundary conditions are shown in Fig. 4c.

A further e�ect of the epoxy potting is that it leads to a local increase in the axial sti�ness at the cylinder ends.
Generally speaking, this is not expected to have a big influence on the computed buckling loads, but can have an
e�ect on the computed prebuckling sti�ness, restabilized postbuckling load, and postbuckling sti�ness [29, 49]. After
preliminary modeling tests, the e�ect of locally increasing the axial sti�ness in the potting region was not found to have
a significant e�ect on the results, and for simplicity, it was therefore not included in the models.

V. Results

A. Linearized Buckling Analysis

Previous FE analyses in Refs [46] and [47] studied the prebuckling sti�ness, prebuckling strain field and linearized
buckling response of Shell A and B with small and large cutouts, respectively. Before conducting the nonlinear dynamic
analyses in A����� 2018, a linearized *B����� step was performed to corroborate the results found in Refs [46]
and [47]. Table 3 shows the linearized buckling loads predicted by the present model in A����� 2018, which confirm
the previous FE results in Refs [46] and [47]. In particular, for all cases the first linearized buckling load (lowest
eigenvalue) corresponds to a single quarter-wave to the left and right of each cutout (see Fig. 5a,c,e,g). Hence, the
unsupported free edges of each cutout are predicted to buckle first. For all shell-cutout combinations, this local buckling
mode occurs for a level of compression well below the global buckling load measured in the tests (compare FE-results
Table 3 with test-results Table 2).

For all shells, the second, third, and even higher critical eigenvalues of the linearized buckling analysis correspond to
higher-order local buckling modes around each cutout, as discussed in Refs [46] and [47]. The very first global buckling
mode that appears in the eigenvalue problem and envelops a large proportion of each shell is shown Fig. 5b,d,f,h,
with the corresponding buckling loads listed in Table 3. These global buckling modes occur in the axially sti�est

7

• ABAQUS analyses performed

- Geometrically nonlinear analysis (implicit 

dynamic solver)

- Axial end shortening applied to shell


• S4R elements used

- 0.25 in.-square elements in acreage

- Constant thickness and fibre angle per element

- Measured IM7/8552 material properties and 

predicted laminate thickness


• Refined FE mesh around cutouts

- 0.083 in.-square local refinement (convergence 

study)



/168Results: Linear Eigenvalue Analysis
Table 3 Linear buckling load predictions from A����� 2018. The first buckling mode is always local around

the cutout, and only higher-order eigenvalues correspond to global buckling modes. The global buckling load

prediction is compared to the experimental buckling load from Table 2 and is shown in parentheses.

Buckling Load
Shell A Shell B

Small Large Small Large

Local Buckling (klb) 18.6 14.0 10.1 7.85

Global Buckling (klb) 37.6 (18%) 37.2 (12.7%) 15.7 (-1.3%) 15.5 (6.2%)

a. Local b. Global c. Local d. Global e. Local f. Global g. Local h. Global 

Shell A Small Shell A Large Shell B Small Shell B Large

Fig. 5 (a)-(h) Local and global buckling modes for Shell A and Shell B with small and large cutouts as computed

by A����� 2018 in a linearized buckling analysis.

circumferential regions of the shell domain (crown/keel) where the local layup is [±45�,±10�]s. The circumferential
sti�ness variation induces a non-uniform prebuckling stress field, with the axially sti�est regions attracting the greatest
axial load under uniform end-shortening, such that buckling is "trapped" [29] in this highly-loaded region. To provide
physical insight into the global buckling modes observed in Fig. 5b,d,f,h we can make an analogy to the buckling
response of a beam on an elastic foundation. Due to the narrow and elongated nature of the global buckling modes, axial
strips of the cylinder surrounding the crown/keel are assumed to represent a straight beam and the circumferential hoop
sti�ness of the cylinder is assumed to act as an elastic foundation. This beam-on-an-elastic-foundation system is known
to form short wavelength buckles when axially compressed, as a result of an energy trade-o� between minimizing
the strain energy in the beam (curvature driven, long wavelength) and minimizing the strain energy in the foundation
(spring-elongation driven, short wavelength).

The global buckling load predictions from the linearized eigenvalue analysis in Table 3 are always greater than the
first local buckling mode. This shows the great promise of tow steering in redistributing internal load paths—in this case,
away from the cutouts to the sti�er crown/keel regions—such that local buckling events around the cutouts have a smaller
e�ect on the residual load-carrying capacity. However, apart from Shell B-Small, the global buckling loads predicted
by the linearized buckling analysis over-predict the buckling loads measured in the tests (see values in parentheses in
Table 3). One possible explanation for this discrepancy is that geometric and loading imperfections are not accounted
for in the linearized buckling analyses, and that the imperfection sensitivity driven by unstable cylinder buckling has led
to a knockdown in observed buckling load. This explanation is not considered to be likely for two reasons. First, the
pristine versions of Shell A and Shell B (without cutouts) were previously shown to be insensitive to imperfections [45],
with good correlations between linearized buckling analyses and test results. Second, the buckling load predictions of
the nonlinear dynamic analyses, which follow in the next section, correlate closely with the experimental test results
and also do not account for geometric/loading imperfections. The discrepancy between linear global buckling load
prediction and global buckling test results likely stems from the linearization of the model around a prebuckling state
prior to the occurrence of local buckling. As is shown in the following section, the onset of local buckling around the
cutouts is a stable buckling event (akin to plate buckling) whereby the cylinder retains significant, yet slightly reduced
(⇡ �5%) postcritical axial sti�ness. Hence, the geometric nonlinearity induced by the first local buckling event leads to
an overestimation of higher-order buckling loads in the linearized eigenvalue analysis.
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• First eigenmodes all local 
buckling


• Global buckling in stiffest and 
unsupported region, i.e. the 
crown/keel


• Akin to beam on foundation
Overprediction of global buckling load due to 

linearization around the unloaded state
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Fig. 6 Shell A-Small: (a) End-shortening vs reaction force plot with a comparison of FE results and experi-

mental test measurements. The points highlighted on the equilibrium plot correspond to the deformation mode

shapes shown in (b) that compare the radial displacements extracted from A����� 2018 with the DIC measure-

ments taken from the experiments. Red/blue colors denote displacements that are radially outwards/inwards,

respectively.

B. Nonlinear Dynamic Analysis

The loading-unloading cycle of the nonlinear dynamic analysis conducted in A����� 2018 for Shell A-Small, Shell
B-Small, Shell A-Large, and Shell B-Large alongside their experimental test results are shown in the end-shortening
vs reaction force plots of Figs 6a, 7a, 8a and 9a, respectively. Radial displacements from A����� 2018 and radial
displacements measured using DIC in the experiments are shown as color contours (blue=inwards and red=outwards)
in Figs 6b, 7b, 8b and 9b. In each end-shortening vs reaction force equilibrium plot, the axially-compressed cylinder
follows a practically linear prebuckling path until global buckling occurs with a concomitant drop in the reaction force.
Hence, the prebuckling equilibrium path loses stability, and the cylinders dynamically transition into a new stable
equilibrium of lower reaction force for the same value of applied end-shortening. To mimic the experimental tests,
the end-shortening is then reversed after buckling, such that the cylinders follow a di�erent equilibrium path upon
unloading, until the cylinders reconnect to the prebuckling equilibrium path at a lower reaction force than the global
buckling load (hysteresis).

As is apparent from the plots, the prebuckling sti�ness along the prebuckling path is accurately captured by the FE
model. After an initial portion of loading that presumably removes "slack" in the testing system, the prebuckling curves
from the FE model and the experimental results are indistinguishable. This is noteworthy as apart from extending the
boundary conditions in the model to encompass the potted end regions, no other modifications to the potting region
sti�ness (as is often done in the literature [29, 49]) were embedded in the model. For the FE model, the equilibrium
paths in the prebuckling regime are coincident throughout the loading and unloading cycles, while for the experiments,
the equilibrium path is shifted to a lower reaction force for the same level of end-shortening. As the overall slope of the
curve, and hence the structural sti�ness, remains unchanged, this is likely to have been caused by small movements in
the testing frame as a result of the dynamic buckling event.

As summarized in Table 4, the global buckling prediction of all four FE models correlates closely with the
experimental test result (within 3.5%). This is noteworthy as no geometric imperfections or loading eccentricities
were incorporated in the model, suggesting that the cylinder designs are insensitive to imperfections. As discussed
elsewhere [32], one explanation for this phenomenon is that the nonuniform sti�ness distribution, and in this case also
the presence of a cutout, breaks the otherwise symmetric prebuckling membrane stress field, such that imperfections
only play an important role in highly-stressed regions, which form a small subset of the total cylinder geometry.
Similarly, buckling of symmetric structures is usually associated with breaking of symmetry groups [50], and the high
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Local Buckling

No postbuckling

data shown
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Fig. 7 Shell B-Small: (a) End-shortening vs reaction force plot with a comparison of FE results and experi-

mental test measurements. The points highlighted on the equilibrium plot correspond to the deformation mode

shapes shown in (b) that compare the radial displacements extracted from A����� 2018 with the DIC measure-

ments taken from the experiments. Red/blue colors denote displacements that are radially outwards/inwards,

respectively.

number of almost-coincident eigenvalues uncovered in linear and nonlinear eigenvalue analyses of axially-compressed
cylinders [51, 52] is testament to the large number of symmetry groups that can be broken as the fundamental state of
axial compression and circumferential dilation loses stability. It is well known that this scenario of multiple coincident
buckling modes leads to the phenomenon of mode interaction and unstable buckling. By breaking the otherwise
geometrically perfect and materially isotropic cylinder using tow-steered sti�ness tailoring, a smaller subset of symmetry
groups can be broken during the instability event, such that geometric or loading imperfections are less likely to break
these symmetry groups spontaneously which then leads to a discrepancy between model prediction and testing result.

Table 4 also compares the restabilized postbuckling reaction force of the FE models to the test results. In this case,
the FE model under-predicts the load carried by the cylinders after buckling. For Shell B-Small this under-prediction
is negligibly small (2.9%), whereas for the other cylinders the discrepancy is greater (17%–30%). This means that
upon buckling, Shell A-Small, Shell A-Large and Shell B-Large all traversed further down the load-displacement plot
to a restabilized equilibrium of lower strain energy than observed in the tests. This discrepancy is not uncommon in
dynamic analyses (see, e.g., Ref. [29], and can be attributed to additional restraints and friction between the testing
apparatus and the specimen, or even to deformation within the test platens. Essentially, the cylinder/test-frame assembly
stores excess potential energy when compared to the FE model, thereby restabilizing the cylinder in a local energy well
of higher potential (corresponding to greater reaction force under displacement-controlled loading). Indeed, friction and
"free play" in the testing system are likely explanations for the discrepancies observed, as the experimental prebuckling
path itself shows signs of hysteretic behavior. Furthermore, for some test specimens, the dynamic mode change upon
buckling is less sudden then expected (see, e.g., the non-vertical load-displacement curve of Figs 6a and 7a), suggesting
that the energy released upon buckling is partially dissipated rather than being fully converted into kinetic energy
to traverse dynamically across local energy minima in the energy landscape. The FE model could be improved by
incorporating these e�ects or tailoring the damping coe�cients in the HHT algorithm [48].

Despite this di�erence in restabilized reaction force and the ensuing di�erences in the unloading equilibrium path
of Figs 6a, 7a, 8a and 9a, the overall postbuckling deformation modes are captured accurately by the FE model from
both crown and side views, as shown in Figs 6b, 7b, 8b and 9b. Furthermore, the reconnections to the prebuckling
paths in Figs 6a, 7a, 8a and 9a as the cylinders are unloaded is accurately represented, occurring at similar levels of
end-shortening and reaction force, and either occurring as a sudden snap (sharp vertical line) or more gradually.

In all cases, the mode shape just prior to global buckling (point 1) is characterized by deformations around the
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Fig. 8 Shell A-Large: (a) End-shortening vs reaction force plot with a comparison of FE results and experi-

mental test measurements. The points highlighted on the equilibrium plot correspond to the deformation mode

shapes shown in (b) that compare the radial displacements extracted from A����� 2018 with the DIC measure-

ments taken from the experiments. Red/blue colors denote displacements that are radially outwards/inwards,

respectively. Gray matte area on deformation snap shots shows the approximate DIC field of view.

Fig. 9 Shell B-Large: (a) End-shortening vs reaction force plot with a comparison of FE results and experi-

mental test measurements. The points highlighted on the equilibrium plot correspond to the deformation mode

shapes shown in (b) that compare the radial displacements extracted from A����� 2018 with the DIC measure-

ments taken from the experiments. Red/blue colors denote displacements that are radially outwards/inwards,

respectively. Gray matte area on deformation snap shots shows the approximate DIC field of view.
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/1613Shell B (No Overlaps) - Large Cutout

Fig. 8 Shell A-Large: (a) End-shortening vs reaction force plot with a comparison of FE results and experi-

mental test measurements. The points highlighted on the equilibrium plot correspond to the deformation mode

shapes shown in (b) that compare the radial displacements extracted from A����� 2018 with the DIC measure-

ments taken from the experiments. Red/blue colors denote displacements that are radially outwards/inwards,

respectively. Gray matte area on deformation snap shots shows the approximate DIC field of view.
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Fig. 9 Shell B-Large: (a) End-shortening vs reaction force plot with a comparison of FE results and experi-

mental test measurements. The points highlighted on the equilibrium plot correspond to the deformation mode

shapes shown in (b) that compare the radial displacements extracted from A����� 2018 with the DIC measure-

ments taken from the experiments. Red/blue colors denote displacements that are radially outwards/inwards,

respectively. Gray matte area on deformation snap shots shows the approximate DIC field of view.
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/1614Table 4 Nonlinear buckling load and restabilized postbuckling load predictions from an implicit dynamic

analysis in A����� 2018. Percentage di�erence to experimental values shown in parentheses.

Load
Shell A Shell B

Small Large Small Large

Global Buckling (klb) 32.9 (3.5%) 32.8 (-0.61%) 15.2 (-1.9%) 14.7 (0.68%)

Restabilized Postbuckling (klb) 14.3 (-30%) 14.5 (-29%) 10.2 (-2.9%) 9.5 (-17%)

cutout that relate to the prior onset of local buckling (see point A) that was discussed in the previous section. Indeed,
point A in Figs 6a, 7a, 8a and 9a denotes the equilibrium state for a load level just greater than the local buckling load
predicted by the linearized eigenvalue analysis. The corresponding mode shapes for point A in Figs 6b, 7b, 8b and 9b
show that the cylinder has transitioned onto another stable postcritical path with radial deformations localized around
the cutouts. For all cases, there is a small reduction in the axial sti�ness of ⇡ 5% � �10% once local buckling occurs.
Hence, the linearized eigenvalue analysis provides a correct first-order approximation of the stability behavior in that
local buckling around the cutout is followed by global buckling on the crown and keel of the cylinder. Fig. 10a shows
force-displacement curves for axial end-shortening vs axial reaction force and for local radial displacement around the
cutout vs the same axial reaction force, both for Shell B-Large. The reduction in slope of the radial displacement curve
(blue) in the vicinity of the local buckling load (predicted by the linearized eigenvalue analysis) is indicative of local
buckling around the cutout. However, the onset of local buckling does not lead to a pronounced reduction in global
axial sti�ness (slope of the end-shortening vs reaction force curve in black). This observation is shown more clearly
in Fig. 10b, which shows a relatively small drop in tangential axial sti�ness (computed as the ratio of the change in
reaction force vs change in end-shortening between two consecutive data points) for Shell B-Large when local buckling
occurs around the cutout, and a much larger drop towards global buckling. A comparison with the tangent axial sti�ness
of Shell B without cutouts (blue line in Fig. 10b), for which local buckling around a cutout does not occur, further
highlights the slight reduction in axial sti�ness due to local buckling around the large cutout.

The reason for the relatively small reduction in structural sti�ness beyond local buckling is that sti�ness tailoring due
to tow steering has already redistributed the axial membrane forces away from the cutout to the crown/keel regions before
local buckling has occurred. Thus, as the local buckling mode develops around the cutout, the ensuing redistribution
of loads away from the buckled region is negligibly small compared to the prior load redistribution due to sti�ness
tailoring. This is shown explicitly for Shell B-Large in Fig. 10c–d, where prior to buckling, the compressive axial stress
resultant is already concentrated away from the cutout on the crown/keel regions (see Fig. 10c) due to the greater axial
sti�ness in these regions. As a result, the membrane stress distribution prior to local buckling (Fig. 10c) already mimics
the stress distribution that occurs after local buckling around the cutouts (Fig. 10d), and therefore local buckling does
not significantly impact the structural response. Akin to the mechanics observed in the buckling of tow-steered flat
plates [23], the redistribution of compressive stresses away from unsupported regions by means of tow steering can lead
to behavior that is more stable and even "buckle free" [23]. Hence, apart from minimizing stress concentrations around
cutouts, tow steering is also useful for improving the stability of thin-walled structures with cutouts. In this manner,
the sizing of typical sti�ening elements, such as discrete circumferential hoops or axial stringers, can be reduced and
therefore lead to further lightweighting.

What cannot be accurately determined from the linearized buckling analysis are the restabilized postbuckling modes.
While the linear eigenmodes in Fig. 5 suggest a periodic wavefront along the cylinder axis in the crown/keel regions, the
nonlinear postbuckling modes (see point 2 in Figs 6, 7, 8, and 9) feature a single large inward diamond-shaped buckle
in the crown/keel regions surrounded by smaller outward crests to the left and right of the single diamond buckles.
Indeed, cylinder buckling is prone to spatial localization, whereby isolated buckles can readily form along the cylinder
length and then multiply circumferentially in a phenomenon known as homoclinic snaking or cellular buckling [51, 52].
Returning to the analogy of the beam on an elastic foundation, even this simple 1D system is prone to buckling-mode
localization if the elastic foundation is defined to be of the nonlinear softening-sti�ening type. In this case, the linear
eigenmode is periodic and envelops the entire beam length, but immediately and dynamically localizes in one position
along the beam length as buckling is initiated at a subcritical bifurcation. Indeed, if the circumferential hoop sti�ness of
the cylinder is taken to act as an elastic foundation, then the e�ective sti�ness of this foundation can be shown to be of
the softening-sti�ening type beyond a certain level of axial compression [53]. Particularly for Shell B-Large in Fig. 9b,
we observe this precise dynamic sequence, where the radial deformation mode from point 1 to point 2 first shows a trace
of the linear buckling mode in the crown region, which then dynamically localizes along the length to form a single
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Results Summary

• Excellent correlation between nonlinear dynamic models and tests

- Noteworthy, as no geometric or loading imperfections included in models

- Cylinders are essentially imperfection insensitive

- Non-uniform stiffness distribution breaks symmetry → imperfections are only important in 

highly stressed regions


• Restabilised post-buckling load conservatively predicted

- Friction and slack dissipating kinetic energy

- Post-buckling mode shape predicted well, and also re-connection to pre-buckling path
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Table 3 Linear buckling load predictions from A����� 2018. The first buckling mode is always local around

the cutout, and only higher-order eigenvalues correspond to global buckling modes. The global buckling load

prediction is compared to the experimental buckling load from Table 2 and is shown in parentheses.

Buckling Load
Shell A Shell B

Small Large Small Large

Local Buckling (klb) 18.6 14.0 10.1 7.85

Global Buckling (klb) 37.6 (18%) 37.2 (12.7%) 15.7 (-1.3%) 15.5 (6.2%)

Fig. 5 (a)-(h) Local and global buckling modes for Shell A and Shell B with small and large cutouts as computed

by A����� 2018 in a linearized buckling analysis.

circumferential regions of the shell domain (crown/keel) where the local layup is [±45�,±10�]s. The circumferential
sti�ness variation induces a non-uniform prebuckling stress field, with the axially sti�est regions attracting the greatest
axial load under uniform end-shortening, such that buckling is "trapped" [29] in this highly-loaded region. To provide
physical insight into the global buckling modes observed in Fig. 5b,d,f,h we can make an analogy to the buckling
response of a beam on an elastic foundation. Due to the narrow and elongated nature of the global buckling modes, axial
strips of the cylinder surrounding the crown/keel are assumed to represent a straight beam and the circumferential hoop
sti�ness of the cylinder is assumed to act as an elastic foundation. This beam-on-an-elastic-foundation system is known
to form short wavelength buckles when axially compressed, as a result of an energy trade-o� between minimizing
the strain energy in the beam (curvature driven, long wavelength) and minimizing the strain energy in the foundation
(spring-elongation driven, short wavelength).

The global buckling load predictions from the linearized eigenvalue analysis in Table 3 are always greater than the
first local buckling mode. This shows the great promise of tow steering in redistributing internal load paths—in this case,
away from the cutouts to the sti�er crown/keel regions—such that local buckling events around the cutouts have a smaller
e�ect on the residual load-carrying capacity. However, apart from Shell B-Small, the global buckling loads predicted
by the linearized buckling analysis over-predict the buckling loads measured in the tests (see values in parentheses in
Table 3). One possible explanation for this discrepancy is that geometric and loading imperfections are not accounted
for in the linearized buckling analyses, and that the imperfection sensitivity driven by unstable cylinder buckling has led
to a knockdown in observed buckling load. This explanation is not considered to be likely for two reasons. First, the
pristine versions of Shell A and Shell B (without cutouts) were previously shown to be insensitive to imperfections [45],
with good correlations between linearized buckling analyses and test results. Second, the buckling load predictions of
the nonlinear dynamic analyses, which follow in the next section, correlate closely with the experimental test results
and also do not account for geometric/loading imperfections. The discrepancy between linear global buckling load
prediction and global buckling test results likely stems from the linearization of the model around a prebuckling state
prior to the occurrence of local buckling. As is shown in the following section, the onset of local buckling around the
cutouts is a stable buckling event (akin to plate buckling) whereby the cylinder retains significant, yet slightly reduced
(⇡ �5%) postcritical axial sti�ness. Hence, the geometric nonlinearity induced by the first local buckling event leads to
an overestimation of higher-order buckling loads in the linearized eigenvalue analysis.
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Pre Local Buckling

Post Local Buckling

• Linear eigenvalue analysis accurately 
predicts local buckling load


• Reduction in axial tangential stiffness of 
5–10% after local buckling (leads to 
linearized global buckling overprediction)


• Reduction in stiffness is low: redistribution 
of axial stress before local buckling


• Tow steering useful for reducing stress 
concentrations + minimizing effect of local 
buckling

Axial Stress

Overprediction due to local buckling

Linearized 
Buckling 

Prediction
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b. Shell B-Large: Tangential Stiffness Plot
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Fig. 10 (a) Force-displacement plot for Shell B-Large showing both end-shortening (*) and radial displacement

around the cutout (,) vs the measured reaction force (�). Pot (b) compares the tangent axial sti�ness of Shell

B-Large with Shell B without cutouts. A small drop in sti�ness at local buckling around the large cutout

is observed. Axial membrane stress resultant for Shell B-Large (c) before local buckling around the cutout

(reaction force � = 0.25 klb), and (d) after local buckling (reaction force � = 14 klb). Blue contours denote

high-magnitude compressive stress.
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• Structural performance of four tow-steered composite shells with unreinforced cutouts 

modeled and compared with tests


• Shells first buckle locally around cutouts with a small effect on the global axial stiffness


• Stresses have already been reoriented away from cutouts to decrease effect of local 
buckling


• Nonlinear dynamic models without imperfections of any kind accurately predict global 
buckling loads


• Linear eigenvalue analyses accurately predict local buckling


• Future work:

- Deep postbuckling

- Material failure in post-buckling regime
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