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ABSTRACT

Stability tests of a thin-walled composite structure with a closed section are presented in this paper. The purpose
of this paper is to conduct preliminary studies in the context of numerical simulations of critical and slightly post-
buckling states. The tests were conducted based only on numerical simulations by the finite element method. Nu-
merical simulations were conducted using ABAQUS software, which allowed to determine the values of critical
loads and their corresponding buckling forms. The influence of layer arrangement on the stability of the structure
was studied. Carbon-epoxy laminate (CEL) was used in the tests. It is shown that there are composite lay-ups that
show more than 1.3 times higher stiffness than the other cases. The paper demonstrates the dependence of the
influence of the arrangement of layers on the stability of the structure, which will provide the basis for planned ex-
perimental studies (the results require experimental verification, which will be carried out in subsequent studies).
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INTRODUCTION

The continuous increase in the use of thin-
walled composite sections (especially carbon-
epoxy composites) as responsible load-bearing
elements creates a need for further investigation.
An important issue for thin-walled structures
due to their use to carry loads is stability com-
monly referred as buckling [1-4]. In the paper
[2], the issues of stability and failure of com-
pressive thin-walled structures with open cross-
sections were presented in a thorough manner,
which provides, in a sense, the basis for the re-
search presented in this paper.

Buckling phenomenon is particularly often
observed for thin-walled sections. The effects
of external loads such as compression (axial or
non-axial) can throw the structure out of equilib-
rium state. Stability is the ability of a mechanical
structure to return independently to its equilib-
rium state and is highly desirable for structural
elements [5-9]. In the paper [8], stability issues
of thin-walled structures with open sections are
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presented in a thorough manner, with the main
focus on the determination of critical loads, us-
ing numerical simulations and experimental ap-
proximation methods. The initial state of axial
compression called the membrane state causes
only compression of the walls of the structure.
Then a critical state is reached where stability
is lost and the form of deformation of the struc-
ture changes. After that, the structure goes into
a post-buckling state where the deformation
progresses with the increase of load [10-14].
The paper [11] presents in particular the phe-
nomenon of failure of compressed composite
structures with open sections in a detailed form,
using advanced numerical models and indepen-
dently conducted experimental tests (including
the method of acoustic emission).

Most of the scientific papers devoted to the
loss of stability of composite thin-walled struc-
tures focus on plates and profiles with open cross-
sections [15—19]. The present work is dedicated
to the simulation of loss of stability phenomenon
for structures with closed cross-sections. These
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structures exhibit higher stiffness and thus un-
dergo loss of stability at higher loads. The high
importance for engineering applications of re-
search on open cross-section profiles provided
a reason to start research with closed cross-
sections. Thin-walled composite structures with
closed cross-sections are also used in industry
but a comprehensive analysis of their buck-
ling phenomenon is still lacking [20, 21]. The
present work is a continuation of the prelimi-
nary research carried out within the project No.
2021/41/B/ST8/00148 financed by the National
Science Centre, Poland, the results of which are
also shown in the previous work [22].

The subject of study

In this paper, thin-walled composite columns
with rectangular cross-sections were the subject of

study. Specimens with two different geometric di-
mensions of the cross-section (G1 — 30x50 mm; G2
—20x60 mm) - were prepared (Fig. 1).

The structures consisted of 8 layers of com-
posite material arranged symmetrically to the
center plane of the laminate. The used plies had a
thickness of 0.1 mm each which translated into a
total laminate thickness of 0.8 mm. Four different
ply configurations were investigated:
P1—[0/45/-45/90]
P2 —[0/90/0/90],,
P3 —[45/-45/90/0],,
P4 —[90/-45/45/0] .

s?

Carbon-epoxy laminate (CEL) was used in the
test specimens. Its mechanical and strength proper-
ties were applied as presented in Table 1 [11]. In this
paper, only numerical analysis of axially compressed
thin-walled composite structures was carried out.

0.8 mm

0.8 mm
A )
200 mm 200 mm
< L { <\‘ |
; 60 mm
50 mm e ’/30 mm 20 mm
Fig. 1. Geometrical parameters of the tested samples
Table 1. Mechanical and strength properties of carbon-epoxy laminate
Mechanical properties
Young’s modulus 5, 130710
E, 6360 [MPa]
Kirchhoff modulus G, 4180
Poisson’s coefficient Vi, 0.32 -
Strength properties
Tensile strength F, (09 1867.2
Compressive strength Fe, (0°) 1531
Tensile strength F.,(90°) 25.97 [MPa]
Compressive strength Fe,(90°) 214
Shear strength F., 100.15
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NUMERICAL SIMULATIONS

The study was conducted using numerical
simulation in Abaqus software based on the finite
element method [23, 24]. The numerical simula-
tion was based on solving an eigenproblem to de-
termine the stability of the tested element. The so-
lution was based on the minimum potential energy
criterion. Mathematical notation of the loss of sta-
bility phenomenon is possible due to the equation:

K+2AH=0 (1

where: K — stiffness matrix, A — critical
variable (bifurcation load in this case),
H — geometric stiffness matrix.

Several assumptions had to be made to solve
the loss of stability phenomenon. During the
preparation of the numerical model, two non-
deformable plates were added as supports for the
thin-walled columns. The arrangement of the ele-
ments together with the boundary conditions are
shown in Figure 2. The boundary conditions were
added at specially created reference points (RP)
connected to the plates. The first plate was fully
fixed with no movement in any direction. The
other one had the ability to move only in the di-
rection along the height of the test specimen (fol-
lowing the Z-axis in Figure 2). Contact interac-
tions in the normal and tangential directions were
created between the specimens and the supports.
A friction coefficient of 0.2 was used.

Shell finite elements were used to discretize
the model. S4R elements with a linear shape

function and reduced integration were used for the
samples. Each of the 2000 created elements had 4
computational nodes. Each node had 3 translation-
al and 3 rotational degrees of freedom. A global
mesh density of 4 mm was used for the composite
columns. The discrete model including compos-
ite structure G1 was characterized by having 7144
nodes and 6900 finite elements, while the second
model including structure G2 was characterized
by having 6442 nodes and 6200 finite elements.

The main focus of this paper was on the buck-
ling phenomenon of thin-walled composite struc-
tures with rectangular cross-sections. The influ-
ence of the ratio of cross-sectional dimensions
and the arrangement of layers on the stability of
tested samples was examined. This paper is based
solely on the results of numerical simulations,
which in the future will be validated by experi-
mental research.

Moreover, in addition to the critical state
analysis (linear stability analysis of the struc-
ture), nonlinear stability analysis of the structure
(in the critical load range) was performed in this
paper. Simulations of nonlinear stability analysis
were based on the incremental-iterative Newton-
Raphson method. This allowed the determination
of the equilibrium paths of the structure, enabling
a better assessment of the critical state.

FN@wM) =0 )
where: FN constitutes the force component conju-

gate to the N* variable in the problem and
u™ is the value of the M variable.
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Fig. 2. Discrete model with boundary conditions
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Numerical simulation generally uses New-
ton’s method as a numerical technique for solving
the nonlinear equilibrium equations. The motiva-
tion for this choice is the convergence rate ob-
tained by using Newton’s method compared to
the convergence rates exhibited by other simi-
lar methods (modified Newton or quasi-Newton
methods). Assume that, after an iteration 7, an ap-
proximation u/*, to the solution has been obtained.
Let c,,,” be the difference between this solution
and the exact solution to the discrete equilibrium
equation (2). Regarding the above:

FVuf' +cf1,)=0 3)

Expanding the left-hand side of this equation
(Taylor series) about the approximate solution
then gives:

N M aFN M\ .P
FN(ul") + 0P (uf el +
o Q @)
+ o mapa (W )ehachy + =0

In the case of u* is a close approximation
to the solution, the magnitude of each ¢, “
will be small, and so all but the first two terms
above can be neglected giving a linear system
of equations:

KMPel, =—F, K = % u%”),

)
F' = FN(u")

a) U, Magnitude

Mode

1: EigenValue = 6052.1

The next approximation to the solution is then:

ulty =u’ +cfiy (6)

and the iteration continues. The above rela-

tionships describe the algorithm of the method
used for the nonlinear problem.

RESULTS

The achieved results of the numerical analy-
ses are presented in this part. The obtained buck-
ling form and the related critical load were anal-
ysed. The results are presented based on the first
buckling form of the structure. The results for 4
different lay-ups for each of the 2 tested cross-
section geometries (G1 —30x50 mm; G2 — 20%60
mm) are compared.

For configuration P1 — [0/45/-45/90] , simi-
lar buckling forms were observed for both tested
specimen geometries (Fig. 3.). These are char-
acterised by the occurrence of 3 half-waves on
each wall of the composite column located in the
height direction of the specimens. However, for
the G1 geometry the critical load was significant-
ly higherat P_ . = 6052.1 N, while for the G2
geometry it was P_ 1G] 4353.6 N.

Specimens made in P2 layer configuration -
[0/90/0/90]_ (Fig. 4.) behave differently. For the
G1 geometry, 4 half-waves are visible, while for
the G2 configuration only 3 half-waves very simi-
lar to those for the P1 layer configuration. It is

b) U, Magnitude

Mode 1: EigenValue = 4535.6

Fig. 3. Simulation results for P1 configuration: a) G1 geometry, b) G2 geometry
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a) U, Magnitude

Mode 1: EigenValue = 5704.9

b) U, Magnitude

Mode

1: EigenValue = 4776.5

Fig. 4. Results - layer arrangement P2: a) geometry G1, b) geometry G2

al U, Magnitude

Mode

1: EigenValue = 8020.3

1) U, Magnitude

Mode 1: EigenValue = 5904.9

Fig. 5. Results for configuration P3: a) cross-section G1, b) cross-section G2

important to emphasize that the difference of crit-
ical loads for different cross-sections was smaller
than for the previous layup. The critical load in
this layer arrangement was the lowest for the G1
geometry and reached P P61 = 5704.9 N. For G2
it was P , =4776.5N.

cr [P2G2

The P3 - [45/-45/90/0]  layer configuration
resulted in the highest critical load values for
both cross-sections of the specimens. For geom-
etry Gl the critical load was P__ ..., = 8020.3 N,
and for G2 only P_ ., = 5904.9 N. The first ge-

ometry was characterised by the occurrence of 5
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half-waves, while the second was characterised
by the occurrence of 4 half-waves (Fig. 5.).

The last of the analysed layup P4 — [90/
-45/45/0], resulted in the lowest critical load for
geometry G2 with P_ G2 = 4461.6 N. The criti-
cal load for the G1 geometry was higher with
P pagy = 5910.6 N. For both geometries, the
buckling form was similar and 6 half-waves oc-
curred on the wider wall (Fig. 6).

The results obtained show that both inves-
tigated parameters of the specimens (layer con-

figuration and cross-section geometry) have a
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a) U, Magnitude

Mode 1: EigenValue = 5910.6

b) U, Magnitude

Mode 1: EigenValue = 4461.6

Fig. 6. Simulation results for P4: a) G1 geometry, b) G2 geometry

Table 2. Critical load values

P, IN]
P G1-30 mm x 50 mm G2 -20 mm x 60 mm G1/G2
P1 —[0/-45/45/90] 6052.1 4535.6 1.33
P2 — [0/90/0/90], 5704.9 4776.5 1.19
P3 — [45/-45/90/0] 8020.3 5904.9 1.36
P4 — [90/-45/45/0], 5910.6 4461.6 1.32

significant influence on the buckling behaviour
of the structure. They cause a change in both the
buckling form and the critical load value corre-
sponding to the buckling of the structure. Chang-
ing the arrangement of the layers from P1 to P4
caused an increase in the amount of half-waves
(or remaining the same number for P1 and P2 in
the G2 geometry). However, this did not affect
the continuous increase of the critical load val-
ues. Moreover, the maximum deformations for
each of the tested specimens were at the middle
part of the profile height, regardless of the layer
arrangement and cross-section geometry.

The P3 configuration showed the highest
structural stiffness for both geometries which
corresponds to the results for the square cross-
section presented in a previous paper [22]. This
confirms that arranging the outer composite layer
at an angle of 45 and the next at -45 degrees re-
sults in the highest structural stiffness. The lowest
critical load values were observed for different ar-
rangements of the composite layers. The obtained
critical load results are summarised in Table 2.

The highest critical load wvalue observed
for geometry G1 (P py — 9020.3 N) was as
much as 1.36 times higher than for geometry G2
(P, b3y = 5904.9 N). For each of the tested la-
yups, the critical loads were higher for the Gl
cross-section. Previous studies [22] showed sig-
nificantly higher critical load values for structures
with a square cross-section for each layup. Based
on these results, a very important conclusion re-
garding composite profiles with a rectangular
cross-section can be derived. If the cross-section
is more nearly square (the ratio of the sides of a
rectangle is closer to 1), the stiffness of a structure
made of a composite material (laminate) is higher.

The results significantly contribute to the de-
velopment of knowledge concerning the design of
structures based on thin-walled composite struc-
tures with closed sections. However, they require
experiments to confirm the results obtained in
simulations. The conducted research is a founda-
tion for conducting further studies regarding non-
linear stability and failure analysis of composite
structures with closed sections.
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U, Magnitude

measurement of
shortening

measurement of
deflection

X <
et

measurement of
reaction (load)
Fig. 7. Measurement of nonlinear
stability analysis parameters

Within the framework of numerical investi-
gations, the non-linear stability of the structure
was additionally investigated, in order to better
represent the behaviour of the structure subjected
to critical loads. For this purpose, based on the
nonlinear analysis of structural stability, the test-
ed columns were subjected to loads equivalent
to critical loads — which allowed the determina-
tion of shortening and deflection of thin-walled

a)
—P1G1 ——P2G1 ——P3Gl ——P4G1
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structures. Figure 7 shows an example of the
points at which the necessary parameters were
measured during the numerical simulation (short-
ening — along the Z axis, deflection — along the Y
axis, and reaction (load) measurements).

A measurable result of the conducted research
was the determination of the equilibrium paths of
the structures, where the research was conducted
up to the value of the load, corresponding to the
critical load for each of the thin-walled structures.

On the basis of the preliminary analysis of
the nonlinear stability of the structure, it was
observed that the structure with the P3 arrange-
ment of layers was characterized by the high-
est shortening (0.32 mm — G1, 0.24 mm — G2),
while the structure with the P2 arrangement of
layers was characterized by the lowest (0.16 mm
—G1, 0.15 mm — G2). The maximum shortening
registered for the P3 arrangement of layers, was
1.33 times higher for the G1 profile relative to
G2. It was also estimated that the highest deflec-
tion was observed in the structure with the P1
arrangement of layers (0.66 mm — G1, 0.69 mm
— G2), while the lowest in the structure with the
P4 arrangement of layers (0.38 mm — G1, 0.41
mm — G2). The maximum deflection registered
for the P1 arrangement of layers, was 1.05 times
higher for the G2 profile relative to G1.

b)

d)

—P1G1 ——P2G1 ——P3G1 ——P4G1
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Fig. 8. Equilibrium paths of the structure: a) load-shortening of G1 profile, b) load-deflection
of G1 profile, ¢) load-shortening of G2 profile, d) load-deflection of G2 profile
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In addition, it was observed that the level of
maximum registered shortening is slightly higher
for profiles with G1 cross-section than for profiles
with G2 cross-section. The opposite situation oc-
curs in the case of the maximum registered de-
flection, as the maximum deflection for profiles
with cross-section G2, is higher than for profiles
G1. Both dependencies were observed regardless
of the arrangement of the composite layers.

In this paper, an in-depth analysis of the non-
linear stability condition of the structure was not
conducted, as this will be the subject of further
research, after experimental testing.

CONCLUSIONS

The numerical analysis of buckling of thin-
walled composite structures with rectangular
cross-sections allowed to make a preliminary
assessment of stability. The research carried out
resulted in the following conclusions: the solu-
tion of the linear eigenproblem by using the FEM
allows to determine the critical state for compos-
ite sections with rectangular cross-sections. The
arrangement of the layers has a significant influ-
ence on the form of buckling and the critical load
value. Specimens with layers arranged at angles
of +/-45 degrees on the outer layers are charac-
terised by the highest stiffness. The geometric di-
mensions of the cross-section change the form of
buckling and the critical load value. If the cross-
section is closer to the square the critical load
value is higher [22].
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