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Abstract

Thin-walled shells like cylinders are primary structures in launch-vehicle systems. When subjected to
axial loading these shells are prone to buckling. The corresponding critical load heavily depends on
deviations from the ideal shell shape. In general, these deviations are defined as geometric imperfections
and although imperfections exhibit comparatively low amplitudes, they can significantly reduce the
critical load. Considering the influence of geometric imperfections adequately into the design process of
thin-walled shells poses major challenges for structural design.

An alternative to robust design of thin-walled shell by accurate consideration of geometric imperfections
is the development of a robust or imperfection-insensitive shell architecture. In this article a special
hybrid cylinder is presented and analyzed. The composite shell design is based on an interstage structure
of the Ariane 6 by MT Aerospace and has special CFRP belts which are intended to reduce the
imperfection sensitivity of the shell. The shell was tested at the German Aerospace Center in
Braunschweig and the corresponding results are presented and described. The hybrid cylinder was
analyzed with the Southwell-method and geometrically nonlinear finite element analyzes. The results
show that the Southwell-method delivers conservative buckling load estimations and that the CFRP belts
reduce the imperfection sensitivity significantly.
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1 Introduction

Thin-walled shell structures, like cylinder are important structural elements for launch-vehicle
systems. These shells are subjected to axial compression due to weight of the upper structural
elements and propulsive loads during launch. Within this article, the maximum load carrying
capability of thin-walled cylindrical shells under axial compression is defined as the buckling
load.

Launch-vehicle primary structures are increasingly being built from fiber-reinforced composite
materials [1]. These materials can have special advantages when compared to metals like high
specific strength and stiffness as well as good environmental and fatigue resistance [2], [3].
Besides monolithic composite shell structures, sandwich composite structures which consist of
a lightweight core and high strength and stiffness facesheets are also used as launch-vehicle
primary structures [4].

A large number of composite cylinders were tested in order to understand buckling of composite
shells under axial compression. The buckling results are shown in Fig. 1 by means of a
knockdown factor (KDF - which is herein defined as a ratio of the experimental determined
buckling load to the theoretical perfect buckling load) versus the radius-to-thickness ratio (R/t —
shell slenderness or thinness). The experimental data collection in Fig. 1 shows that there is a
significant deviation between the buckling theory and the corresponding experimental results.
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Fig. 1: Distribution of the experimental data of axial compressed cylindrical composite shells for different R/t ratios after

A main cause for the large discrepancy between buckling theory and experiment are geometric
imperfections. Koiter [5] showed that geometric imperfections can reduce the buckling load of
thin-walled shells significantly. Geometric imperfections are defined as shape deviations from
the ideal structure. Depending on the shape and amplitude of the geometric imperfections; a
single dimple appears within the shell during loading. This single dimple initiates the buckling
process and occurs in thin-walled shells like cylinders [6] , cones [7], [8] and spheres [9], [10].
A significant number of researchers investigated the influence of different geometric
imperfections [11], like axisymmetric imperfection [12] and real measured imperfection [13], on
the buckling load. Fan [14] presented recently a non-destructive method which can be used to
predict the buckling load of thin-walled shells based on geometric imperfection signatures.



However, the buckling load of thin-walled shells is not only reduced by traditional geometric
imperfections. But also by non-traditional imperfections like loading imperfections [15] or
delamination imperfections as recently shown by Wang et al. [16]. Loading imperfections are
defined as the deviation from the perfect homogenous load introduction of a shell [17]. There
are several known different loading imperfections like local concentrated loading imperfections
[18], [19] and uniform bending of the shell edge [20]. The buckling load reduces significantly if
loading imperfections occur which was shown in [21]. Therefore, they have to be considered in
the design process as well.

New design criteria for full-scale [22], [23] and sub-scale stiffened metal [24], [25] and sandwich
composite shells [4], [26], [27] are currently being developed by NASA in the Shell Buckling
Knockdown Factor Project (SBKF, references [28] and [29]). A detailed summary regarding the
SBKEF project is given in [30] and [31].

A similar project started 2012 in Europe, the DESICOS project [32] (new robust DESign
guideline for Imperfection sensitive COmposite launcher Structures) to develop and validate
new deterministic [33], probabilistic [34] as well as experimental [35], [36] design approaches
for composite shells [37], [38], [39], [40]. A comprehensive overview regarding this project is
for example given in [2].

Recently, comprehensive imperfection sensitivity studies for cylindrical [41] and conical [42],
[43] composite shells were published which indicate that the current NASA recommendations
for composite shells may be very conservative for modern launch-vehicle structures.
Consequently, it was suggested to investigate the buckling response of composite shells through
buckling tests and analytical predictions.

An alternative to robust design of thin-walled shell by accurate consideration of geometric
imperfections is the development of a robust or imperfection-insensitive shell architecture. A
comprehensive overview regarding imperfection-insensitive shells is given by White and
Weaver in [44]. One approach to derive an imperfection insensitive shell structures is based on
the optimization of the laminate stacking sequence of a composite cylinder for maximum
buckling load and minimum imperfection sensitivity as for example shown by Wagner et al. [45]
or Huhne et al. [46]. Furthermore, there are concepts based on variable stiffness cylinders by
Labans et al. [47] or wavy cylinders by Ning et al. [48] and Yadav et al. [49].

In this article buckling test results for an imperfection-insensitive composite shell with a unique
architecture are presented. The composite shell has special carbon fiber reinforced polymer
(CFRP) belts which are intended to reduce the imperfection sensitivity of the shell by prohibiting
the formation of large (in amplitude and shape) dimple imperfection.

This paper is structured as follows: in the first part the high-performance cylinder is presented
along with a description of the test setup and the testing procedure. Afterwards numerical
analysis with respect to the CFRP belts and their imperfection sensitivity are shown. The paper
ends with a summary of all main results obtained within this article.



2 Test article description and testing
2.1 Test article

The test specimen considered in this article is an aluminum stringer stiffened composite cylinder
which was manufactured by TUM [50] and is denominated as Z39. The shells design is derived
from an interstage structure for the Ariane 6 and the manufacturing of this shell is described in
[50].

The shell has a length L = 1200 mm and a radius R = 400 mm. The inner surface of Z39 is
stiffened with 18 aluminum stringers as shown in Fig. 2 (right). The flange of the stringers has a
length of 25 mm, the thickness equals to 1.5 mm and the stringer height (stringer & flange)
equals to 13.5 mm.

In addition, there are three CFRP belts which divide the long shell into 4 short shells. The ply
layup of the inner composite cylinder surface consists of a quasi-isotropic stacking and has a
total thickness of 1.04 mm.
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Fig. 2: Test specimen Z39 (left) inner aluminum stringers with geometric parameters (right)

The upper and lower ends of the cylinder were additionally reinforced with graded CFRP padups
(90-degree layers which were additionally added to the cylinder surface by winding) in order to
assist the load introduction.

The surface of the test article was measured using ATOS, an optical 3D digitizing measurement
system based on photogrammetry, which is utilized to extract the initial geometric imperfections
of the shell using a best-fit procedure aimed to eliminate rigid body motions modes from the
measurements [38]. The deviation from the ideal cylinder geometry and the measured points is
shown in Fig. 3. The optical measurements clearly highlight the graded padups near the clamping
rings. The acreage composite cylinder section shows a relatively homogenous cylinder surface.
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Fig. 4: Deviation of the cylinder surface versus the cylinder length (top) deviation of surface geometry from a best fit cylinder
(bottom)

The shell is set into metal plates with multiple grooves which have a depth of 50 mm for the
stringers, see Fig. 5 (top). That means the overall height of the structures was 1200 mm and the
free height of the test article excluding the metal rings was 1100 mm. This process has to be
performed in order to ensure the circular cross section of the structure and an even distribution
of the axial load. Then, after the resin is cured (see Fig. 6 — bottom), the second end is potted.
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Fig. 7: Potting of the cylinder: outer surface'.(left) inner surface with stringer (right)

2.2 Test Setup and test procedure

The hybrid cylinder was tested in the buckling test facility of the institute of composite structures
and adaptive systems of the German Aerospace Center (DLR) in Braunschweig, see Fig. 8. A
thin epoxy concrete layer is applied between the end plates of the test specimens and the adjacent
parts of the test device. This procedure is done to ensure a uniform load introduction into the
shell during testing. The actual reaction loads are measured by three load cells; the axial
displacement is extracted by three displacement transducers which are fixed between the load
distributer, the axial drive and placed around the test shell. The mean value of the three load
cells’ readings is then used as the axial force value.

In order to assess the structural behavior of the specimen and check the testing rig five different
load steps are performed. The load steps are based on a preliminary buckling load estimation
which is based on studies in [50]. The shell is estimated to have a buckling load of at least 257
kN and the corresponding load steps are 10 %, 30 %, 50 %, 70 % and 100 % (and beyond) of the
buckling load.

Within the first load step only the function of the sensors is checked and the load increment is
0.1 mm/min. For the subsequent load steps a load increment of 0.5 mm/min. is used. The
sampling rate of the sensors is 1.0 Hz for the load steps with 10%, 30%, 50 % and 0.5 Hz for
70% and 100 % of the estimated buckling load.
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Fig. 8: Test rig of the DLR in Braunschweig and test specimen

2.3 Test result

The experimental tests from 10 % to 70 % of the estimated buckling load show all the same axial
cylinder stiffness. The load displacement curve of the final test is shown in Fig. 9. The maximum
buckling load equals 325 kN with a corresponding axial shortening of 1.53 mm. The drop of the
reaction force is sudden without prior degradation of the axial stiffness and after collapse the
shell can still be further loaded.
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Fig. 9: Experimental load displacement curve of the shell Z39

The structure is shown in Fig. 10 (left) in its post-buckling state. The buckling half waves extend
over the aluminum stringers as shown in Fig. 10 (right). A separation of the stringer-skin
interface didn’t occur [50].



Fig. 10: Test structures after global buckling (left) inner surface of the cylinder after global buckling (right)

The post-buckling pattern doesn’t change even for higher loads only the amplitude of the buckles
increases as shown by the ARAMIS measurements in Fig. 11.
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Fig. 11: Radial displacement of the test article after collapse: displacement = 1.59 mm (left) displacement = 4.92 mm (right)

2.4 Application of the Southwell-method

In this section, the Southwell-method [51] is applied in order to estimate the collapse load of the
shell Z39. This non-destructive approach is based on the assumption that the axial force versus
-radial displacement curve of an imperfect structure can be approximated by a hyperbolic
function that is asymptotic to the buckling load (see Fig. 12 — left). In order to estimate the
buckling load, Southwell proposed to plot the ratio of radial displacement to the axial force
versus the radial displacement. For small deflections, this relationship can be approximatated by
a linear function and the reciproce of its slope equals the buckling load (see Fig. 12 — right).
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Fig. 12: Axial force vs. radial displacement curve (left) Southwell-plot (right) after [52]

The Southwell-method was developed to estimate the critical load for column buckling and for
those structures the deflections at the mid-height of the column is evaluated [52]. In the case of
cylindrical shells, the position for the radial deflection evalution is not that obvious. Three
positions were defined which are positioned between the CFRP belts as shown in Fig. 13. The
three points (defined as Punkt 2, Punkt 4 and Punkt 5) are representative for maximum inwards
and outwards deflection and the zero line.
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Fig. 13: Shell Z39 and the area of the ARAMIS measurements (left) radial deflection measurements according to ARAMIS in
the postbuckling range and the position of the 3 points (Punkt 2, Punkt 4 and Punkt 5) for the Southwell plot

The data points for 30, 40, 50, 60 and 70 % of the critical load (257 kN) are shown in Fig. 14 in
terms of the axial force versus radial displacement diagram (Fig. 14 — left) and the correponding
Soutwell-plot (Fig. 14 — right). The buckling load estimations based on the Southwell-method
are given in Table 1. All points deliver a conservative buckling load estimation with respect to
the experimental buckling load (325 kN), the best approximation corresponds to the outwards
deflection (314 kN - Punkt 4) and the worst approxmiation corresponds to the inwards deflection
(247 KN - Punkt 2). This example shows, that the Southwell-method can also be applied to
cylindrical shells under axial compression and delivers reliable buckling load estimations.



However, multiple points should be evaluated and the position of buckling failure should be
estimated.
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Fig. 14: Axial force vs. radial displacement curve (left) Southwell-plot (right) for the shell Z39

Table 1: Data for approximation of the buckling load according to Southwell
Position Slope of the linear function m Reciproce of slope (1/m) ~ buckling load [KN]
Punkt 2 0.00405 247.13
Punkt 4 0.00318 314.48
Punkt 5 0.00357 279.78




3 Numerical analysis

3.1 Numerical model

In this section the numerical model for the test specimen Z39 is presented. The composite shell
and the aluminum stringers were modeled by using linear shell elements (S4R in ABAQUS [53])
and the finite element length was set to 5 mm after a convergence study. The aluminum has an
elasticity modulus E = 75842 MPa and a Poisson ratio v = 0.33, the material properties of the
CFRP are summarized in Table 2. The shell has several (21) different sections for the individual
material definitions (padups, CFRP belts, aluminum stringers and acreage cylinder section) as
shown in Fig. 15.

Cylinder skin — 8 layers — 0.13 mm (1.04 mm) Cylinder skin with:

4 additional 90° layers — 0.13 mm (total 1.56 mm)
8 additional 90° layers — 0.13 mm (total 2.08 mm)
15 additional 90° layers — 0.13 mm (total 2.99 mm)
23 additional 90° layers — 0.13 mm (total 4.03 mm)
31 additional 90° layers — 0.13 mm (total 5.07 mm)

E 1.5 mm
Lr)_ —
e Cylinder skin + CFK belt:
CFK belt — 32 x 90° layers — 0.13 mm (total 5.2 mm)
25 mm

Stringer profile

Fig. 15: Numerical shell model of the test specimen Z39

Table 2: Material and geometry parameter for the composite cylinders

Material parameter Cylinder 239
Acreage section ply layup [45,0, -45,90] s
elasticity modulus E;; 150000 N /mm?
elasticity modulus E,, 10000 N /mm?
Poisson’s ratio vy, 0.3
shear modulus G, 5000 N /mm?
shear modulus G,3 3230 N/mm?
Geometry parameter

Radius R 400 mm
Length L 1200 mm
Free Length Ls 1100 mm
R/test 34

L¢/R 2.75

The mechanical boundary conditions on both cylinder edges are defined as clamped by using
rigid-body interactions (Tie) which are coupled with a reference point. The displacement in axial
direction is free at the top cylinder edge for load application. The results of a geometrically
nonlinear analysis (GNA) for Z39 are shown in Fig. 16.
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Fig. 16: Comparison of test and numerical results: Load-displacement curve of Z39

The perfect shell Z39 has a characteristic structural behavior. The acreage cylinder section
between the CFRP belts buckles locally at about 372 kN which is accompanied by a drop of the
reaction force and a reduction of the axial cylinder stiffness. The buckling pattern propagates
circumferentially around the whole cylinder but due to the aluminum stringers the shell can still
be loaded further until the shell collapses at about 491 kN.

The initial axial stiffness of the test specimen and the numerical model agree well, however, the
global buckling load of the test specimen is about 34 % smaller in comparison to the perfect
shell. It is concluded that local and global buckling coincides for the real test shell, see Table 3.

Table 3: Collapse load and KDFs for the composite cylinder Z39

Method Buckling Load [KN] KDF
GNA - collapse 491 1.00
GNA - local buckling 372 0.76
Experiment - collapse 325 0.66
Threshold KDF 289 0.59
NASA SP-8007 [54] 356 0.72

In order to give a first prediction regarding the imperfection sensitivity of the shell the NASA

SP-8007 [54] and the Threshold KDFs [55] are applied. Both analytical equations require the

shell Radius R, the effective thickness terf and the Threshold KDF also requires the cylinder

length L.

For this closely spaced stringer stiffened composite shell an effective thickness tefr can be

determined with equation (1) according to the NASA SP-8007 [54]. The effective thickness

depends on the axial and circumferential membrane and bending stiffness’s and was determined
to approximately 11.76 mm.

1

(144 Dy - Dyy\E

off <7A11 T4, ) 1)

The shell is relatively thick R/test ~ 34 and the KDF according to the NASA SP-8007 results to
0.72 which is not conservative with respect to the experimental result. The threshold KDF also
depends on the cylinder length and delivers for this long shell (L/R = 2.75 — free length Lf was
used) a much smaller KDF (0.59) which is conservative with respect to the experimental result,
see Fig. 17 (left).



Evkin [56] showed that the Batdorf parameter Z according to equation (2) is sufficient to describe
cylindrical shells under axial compression (reduction from a 2 variable problem — R/t & L/R - to
a 1 variable problem - Z) and derived lower-bounds for cylindrical shells with different boundary
conditions [57].

L2-/(1-0.32 L2
7= VA 7039 o oss. 2)
R ) teff R - teff

The corresponding KDFs are given in Table 4 and shown in Fig. 17 (right). Also, Groh et al.
[58] derived recently a design lower-bound for cylindrical shells which depends only on the
Batdorf parameter Z. Furthermore, Wagner et al. [59] presented another lower-bound which is
based on a reduced stiffness analysis.

The lower-bounds in Fig. 17 (right) are very similar and all deliver a conservative buckling load
estimation, the LRSM curve by Wagner is basically equal to the design curve by Groh. The
threshold curve and the design curve by Evkin have slightly lower KDF than the lower-bound
by Groh et al. especially for Z< 1000.
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Fig. 17: Comparison of test and different analytical lower-bounds for Z39

Table 4: Empirical and analytical knockdown factors for cylindrical shells under axial compression
Formula for the KDF p, (Ngesign = £ * Nper) Reference Year

Lower-bounds for isotropic cylinders

_(L JE) Weingarten et al. [54]
p=1—0.902-<1—e 16t> 1965
p=Qry-(R/t)7TH Wagner et al. [55]

L\? L
Qry = —0.0196 - (—) —0.0635- (—) + 1.3212

R R 2017

Ly? L

Ny = —0.013 - (ﬁ) +0.061- (ﬁ) +0.08
p=123-(z)70138 Evkin et al. [56] 2018
p= 1.48- (Z)_O'16 GI’Oh et al. [58], [60] 2019
p=158-(2)7%7 Wagner et al. [59] 2019

p= 1.15- (Z)_O'138 Evkin et al. [57] 2019




3.2 Influence of CFRP belts on the lower-bound buckling load

The composite cylinder Z39 has three CFRP belts which are intended to reduce the imperfection
sensitivity of the shell by dividing the long shell into 4 short shells and prohibiting the formation
of large (in amplitude and shape) dimple imperfections. And in this section a GNA for Z39
without CFRP belts is performed in order to study the structural behavior, see Fig. 18.
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Fig. 18: Comparison of numerical results: Z39 with and without CFRP belts

The CFRP belts indeed prohibit the formation of large diamond shaped dimples for the shell
Z39. The large diamond dimple leads to buckling of the aluminum stringers which in turn leads
to global buckling of the shell without CFRP belts. In the case of Z39 with CFRP belts, there are
dimples between the CFRP belts which seem not to influence the load carrying capacity of the
aluminum stringers.

The global buckling load of the shell without CFRP belts is about 29 % smaller in comparison
to the shell with CFRP belts, see Table 5. However, the real test specimen completely collapses
already below the first local buckling load and it seems that the CFRP belts were not working
properly due to significant imperfections.

Studies by Esslinger [61] and Blachut [62] have shown that axially loaded cylindrical shells are
much more sensitive to uneven shell edges (cylinders with an “imperfect” length) than to
geometric imperfections.

The load introduction edge of the cylinder Z39 was measured before it was potted into the metal
rings and the corresponding results are given in Fig. 19. The results show that the maximum
deviation of the shell edge evenness is about 0.85 mm at the position 117°.
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A numerical lower-bound concept which is based on uneven shell edges is the single boundary
perturbation load approach (SBPA) [55]. The method is applied in the following in order to study
the influence of local edge perturbations on the buckling load of Z39. Within the framework of
the SBPA a localized boundary perturbation is placed at the top shell edge. The boundary
perturbation is represented by an additional shell segment which is merged with the full cylinder.
The bottom edge is coupled with a reference point (RP-2) by using a rigid body constraint. In
order to force a local perturbation at the top edge an additional rigid plate (thickness = 10 mm
and steel material) is modeled (Fig. 21 right). This plate is coupled with the reference point at
the cylinder top edge (RP-1) by using a rigid body constraint (Region type = Tie).

Top Edge |

Bottom Edge

Shell Segment

Fig. 21: lllustration of the SBPA in the numerical analysis: details (left) modified model of Z39 (right)

In the corresponding geometrically nonlinear analysis (GNA) the rigid plane moves in direction
of the cylinder axis (load applied to RP-1) which results at first in a local contact between rigid
plane and boundary perturbation. The axial displacement is further increased until there is full
contact between rigid plane and shell. This process is iterated for increasing boundary
perturbation heights h which leads to the characteristic SBPA diagram; see Fig. 22 (left).
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In Fig. 22 (left), the minimum local buckling load is shown for different amplitudes of the edge
perturbation. The buckling load reduces as the amplitude of the edge perturbation increases and
the minimum local buckling load (Nsgpa = 299 kN) can be identified at h = 0.6 mm. The
corresponding load-displacement curve is shown in Fig. 22 (right). The local buckling event
results in the formation of a single dimple and a slight degradation of the axial stiffness. The
axial force F can still be further increased until about 325 kN, where a second local buckling
event occurs after which the shell can still be further loaded until the shell collapses at about 430
KN.

It is remarkable that the SBPA lower-bound for h = 0.85 mm (which corresponds to the
maximum uneven shell deviation from the measurements in Fig. 17) results in a buckling load
of 325 kN which is exactly the same collapse load as in the buckling test. This result indicates
that the evenness of the shell edge significantly influences the buckling load although it was
carefully potted into metal rings with epoxy concrete. However, the shell can still be further
loaded after local buckling until the shell collapses at about 420 kN. The cause for the early
collapse of Z39 is not based on edge perturbations alone.

For the purpose of comparison, the SBPA was also applied to Z39 without CFRP belts, see Fig.
23. The minimum local buckling load is about 33 % smaller when compared to Z39 with CFRP
belts. The results in Fig. 23 (right) show that a significant diamond shaped dimple imperfection
forms (in amplitude and shape) which cannot occur if the shell has CFRP belts. So at least in
theory the CFRP belts prohibit properly the formation of large dimple imperfection under axial
compression.

SBPA - Z39 - without CFRP belt
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Fig. 23: Imperfection sensitivity of the shell Z39 without CFRP belts: SBPA curve with local buckling loads (left) load-
displacement curve for minimum local buckling load (right)



This analysis shows that even significant imperfections don’t lead to early collapse of the shell
that means there seem to be other causes which are studied in section 3.3.

Table 5: Buckling load and KDFs for the composite cylinder Z39 with and without CFRP belts

Z39 Z39 — without CFRP belts
Method Buckling Load [kN] KDF  Buckling Load [kN] KDF
GNA - collapse 491 1.00 350 1.00
GNA - local buckling 372 0.76 - -
SBPA — local buckling (min.) | 299 0.60 198 0.56
Experiment - collapse 325 0.66 - -

3.3 Onthe premature global buckling of Z39

The GNA in section 4.1 was performed with elastic material behavior but as the shell Z39
collapsed significantly earlier than expected; it was assumed that the yield strength of the
aluminum (in the stringers) was exceeded during the axial compression test. Plastic buckling of
the stringers would possibly lead to early collapse of the shell. Therefore, a GNA with perfect-
plastic material behavior (stress remains constant after the yield point) was performed, see Fig.
24.
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Fig. 24: Comparison of numerical and test results: Z39 with perfect-plastic material behavior

The results show that the axial cylinder stiffness of the numerical model slightly deviates (~5 %)
from the test specimen for u > 0.7 mm which is possibly based on the present geometric
imperfections. Plastic buckling of the aluminum stringers occurs slightly after the yield strength
of the aluminum is reached and the shell collapses like it did in the test. The numerical collapse
load of Z39 is similar to the experimental buckling load Nexp = 325 kN if a yield strength of Y =
105 MPa is used in the analysis. Note, that the actual yield strength of the aluminum corresponds
to about Y = 130 MPa which results in a collapse load of about 360 kN. It is assumed that the
combined influence of uneven shell edges and a laser treatment of the stringers [50] reduced the



yield strength of the aluminum which in turn resulted in the experimental buckling load of 325
kN.



4 Conclusion and Outlook

A hybrid composite cylinder with aluminum stringers was presented in this article. In addition,
the cylinder has three CFRP belts which reduce the imperfection sensitivity of the shell. The
cylinder is denominate as Z39 and was examined before testing by means of photogrammetry.
Reaction loads and axial shortening were recorded during testing and the structural behavior was
monitored with the ARAMIS system.

Numerical simulations were performed for the shell which showed that the experimental test
shell buckled much early than otherwise predicted in the simulation. The corresponding
knockdown factor for the shell results to 0.66.

The Southwell-method was applied in order to estimate the collapse load of the cylinder. The
results show that the Southwell-method delivers conservative buckling load estimations.
However, the magnitude of the buckling load significantly depends on the evaluated radial
displacement position.

A series of numerical analysis were performed to assess the imperfection sensitivity of the shell
with / without CFRP belts and determine the cause for the premature global buckling of Z39.
The results showed that the CFRP belts successfully decrease the imperfection sensitivity of the
shell, by prohibiting the formation of large dimple imperfections, and lead to an about 33 %
higher lower-bound buckling load.

Measurements of the unevenness of the shell edge were performed which showed a maximum
peak unevenness of 0.85 mm. The edge perturbation approach (SBPA) was applied to the
cylinder Z39 and it could be shown that an edge perturbation with a height of 0.85 mm leads to
a local buckling load which exactly matches the collapse load from the buckling test. However,
in the numerical simulation with the SBPA and h = 0.85 mm, the cylinder could still be further
loaded after local buckling until the shell collapses at about 420 kN. The unevenness of the shell
edge may be a cause for the lower than expected local buckling load but not for early collapse
of the shell.

This result is nevertheless interesting because the test article was carefully potted into metal rings
with epoxy concrete and this unevenness of the shell edge should have been negligible. In future
buckling tests, the shell edge should be carefully trimmed before potting in order to avoid this
problem.

The cause for the earlier than expected collapse of Z39 was found to be plastic buckling of the
aluminum stringers. The cylinder Z39 should have withstood local buckling of the composite
skin but due to exceeding the yield strength of the aluminum, the shell collapsed completely. It
is assumed that the laser treatment of the aluminum stringers reduced the yield strength of the
material which in turn lead to early collapse.

The presented new shell architecture and the corresponding buckling test are a base for future
high-performance composite shells which are used in future launch-vehicle structures.
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