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ABSTRACT

The purpose of the research was to analyze the experimental-numerical influence of the type of cross-section on the
stability of thin-walled composite columns with closed (rectangular) cross-sections. The subject of the investigation
was thin-walled composite structures made of CFRP composite (carbon fiber reinforced polymer), characterized by
a closed rectangular cross-section shape of the profile and a identical ply configuration. In this study, experimental
and numerical investigations of axially compressed columns were performed to determine the values of buckling
loads and buckling forms. Experimental investigations were performed using a universal testing machine with an
optical deformation measurement system. In parallel with the experimental tests, numerical simulations were made
using the Finite Element Method (FEM). The numerical studies conducted using dedicated numerical models and
the experimental studies made it possible to carry out a thorough analysis of the impact of the cross-sectional shape
on the buckling phenomenon of the structure. The novelty of the present paper is the use of interdisciplinary testing
methods to compare the effect of cross-sectional geometry on the stability of thin-walled composite columns.

Keywords: buckling; closed composite profiles; experimental studies; numerical simulations; axial compression.

INTRODUCTION

Thin-walled columns, belong to the group
of load-bearing elements, characterized by high
stiffness as well as strength, while maintaining
low self-weight [1, 2, 3]. Typically, these types of
structures are made of GFRP (Glass Fiber Rein-
forced Polymer) — type composite material [4, 2]
or CFRP (Carbon Fiber Reinforced Polymer) [5]
[6]. There are two main types: with closed [7, §]
[9] and opens sections [10, 11, 12]. These struc-
tures, specifically with closed sections, are desi-
gned to carry loads, mainly compressive. They
are commonly used in the aerospace, automotive
and construction industries. They are subject to
loss of stability — so called buckling. The above
phenomenon results from the axial compression
of the structure, consisting of deformation under
the influence of a buckling load (the force ne-
cessary for the formation of the buckling mode),
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resulting in a rapid redistribution of internal
stresses, which can result in the failure of the ma-
terial [13, 14]. In most cases, thin-walled compo-
site columns are capable of carrying compressi-
ve load after losing stability. Some structures are
characterized by a load carrying capacity several
times higher than the value of the buckling load
(causing the buckling effect). As the compressive
force increases, post-buckling incidences such as
damage initiation, damage propagation and dela-
mination — up to the failure — are observed once
the buckling load is exceeded [15, 16, 17]. Ho-
wever, this paper will consider only the buckling
state of composite structures.

The configuration of fiber orientation, the
number of layers and the geometry of the com-
posite profile directly influence the stiffness and
strength characteristics of the structure and its
response during loading [18, 19, 20]. In addi-
tion, the paper [21] presented the properties of
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FML-type composite material in the context of
material behavior depending on the layup of the
composite material. An analysis of the buckling
is carried out to determine the buckling form
and buckling load. The value of buckling load is
determined in experimental studies using appro-
ximation methods, which allow to estimate the
buckling load from the equilibrium path which
allows to estimate the forces at which the stability
of the structure is lost [22, 23, 24]. In addition,
the paper [25] presents the buckling problem in
depth in terms of both experimental studies and
numerical simulations, while the paper [26] pre-
sents the buckling problem in terms of analytical
solutions. Methods for determining buckling lo-
ads for experimental studies have been presented
in many papers, e.g. [18, 25, 27]. In numerical
analyses based on the FEM, the buckling load and
the nature of buckling state are determined from
a linear analysis of the eigenproblem, using the
criterion of minimum potential energy [18, 23].

This article focuses on the comparison analy-
sis of buckling forms and buckling loads of three
different types of composite columns with iden-
tical ply configurations, different cross-sectional
geometries, made of CFRP composite. Evaluation
of the behavior of axially compressed composite
profiles requires the use of some testing methods.
Experimental tests were performed using a uni-
versal testing machine (UTM) as well as an opti-
cal deformation measurement system ARAMIS
2D [10, 28, 29]. Numerical simulations were con-
ducted using the FEM in the software Abaqus®.
The material properties of the analyzed structures
were determined experimentally in the following
works [30, 31].

Within the framework of commonly publi-
shed results from the literature, the issue of sta-
bility and load carrying capacity primarily con-
cerns composite structures with open sections.
In this paper, the main focus is on composite
profiles with closed sections — which demonstra-
te distinct behavior in both buckling and post-
-buckling states, which is the subject of current
research. The novelty of this study is the com-
parison of the values of forces causing loss of
stability and the character of buckling for three
types of composite columns with closed sections
using multiple independent test methods (use as
follows: UTM, optical strain measurement sys-
tem, numerical FEM simulations) and compa-
rison of the results from experimental methods
with numerical models dedicated to the profiles.

The main objective of the research was to com-
pare the values of loads and the character of buc-
kling of three types of sections.

RESEARCH OBJECT

The objects of the research were thin-walled
composite columns consisting of 8 layers, made
of carbon epoxy composite CFRP [32, 33]. This
article compares buckling forms and buckling
load for 3 different types of profiles with a wall
thickness equal 1.24 mm, a height of 200 mm
and the following cross-sectional dimensions: A
40x40 mm, B 50x30 mm, C 60x20 mm. The fol-
lowing symmetrical stacking sequence was used
in the tests [0°/45°/-45°/90°] . Both the material
from which the composite profiles were made, as
well as the number of layers and the selected layup
of the laminate, were dictated by the preliminary
assumptions of a research project from the Natio-
nal Science Centre — No. 2021/41/B/ST8/00148.
Preliminary numerical simulations made it possi-
ble to select an appropriate arrangement of lay-
ers to obtain the full number of half-waves in the
analysis of the structural stability issue. For each
type of section, were made three real specimens
and subjected to axial compression, a total of nine
composite columns (Al _1, Al 2, Al 3, Bl 1,
B1 2,B1 3,C1 1,C1 2,C1 3)were used in the
experimental study, which were made by autoc-
lave technique using tape prepreg CYCOM 985-
42%-HS-135-305. The 305 mm wide tape was
characterized by a 42% by volume resin content
of type 985 and a reinforcement made of carbon
fiber of density 135 g/m?. The composite columns
were made by winding the prepreg around the in-
ner core at an angle corresponding to the ply con-
figuration. The autoclave curing parameters were:
temperature 177 °C and pressure 0.6 MPa

Experimental studies made it possible to col-
lect the equilibrium paths of the loaded structu-
res, which allows for determine the buckling load
values. During these tests, the buckling forms of
the structures were registered using an ARAMIS
2D system. Numerical simulations, carried out
with the commercial Abaqus® software using
the FEM, made it possible to determine the force
and buckling form by solving a linear eigenpro-
blem. The material parameters used in the nume-
rical studies were determined using the procedure
outlined in the publication) [30]. The properties
of the test material are shown in Table 1.
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Figure 1. Example test samples

EXPERIMENTAL STUDIES

Experimental tests were performed using a
UTM Zwick Z100 [18] [33]. Studies of the buc-
kling of an axially compressed thin-walled com-
posite structure were conducted at a constant
feed rate of the testing machine head of 1 mm/
min at a constant room temperature. In order to
determine the value of the buckling force, the
approximation method known as intersection of
straight lines based on experimentally determi-
ned curves of the load-displacement relationship
(shortening) was used [27] [34]. This method is
based on the approximation of two characteri-
stic, appropriately selected, sections (segments)
of the experimental characteristics (curves) by
means of a linear function. One of the selected
curves must be before the change in the ,,stif-
fness” of the structure, and the other after the
change in the ,stiffness” of the structure, the
selected curves must be approximated using a
straight line. The point of crossing of straight li-
nes, approximated sections of the experimental
curve, corresponds to the approximate value of
the buckling load and displacement at which the
buckling effect occurred [27].

In order to verify the findings obtained thro-
ugh the method of straight lines, it is necessary to
determine the value of the correlation coefficient

known as R2, which determines the correctness of
the approximation of the selected sections from
experimental studies. This coefficient is a trend
line formula, which takes values that are closest
to the experimentally obtained data (within the
selected approximation ranges). The obtained
approximation of the buckling load is accepta-
ble when the value of the R* coefficient reaches
a minimum of > 0.95 agreement with the selec-
ted curve course. A higher value of the R? (the
maximum value of approximation is 1) indicates
greater accuracy of the obtained result [25] [27].
The ,,matrix method” was used to determine the
buckling value [27], reduced to the formulation of
the following system of equations 1:

{A1x+Bly+ Cl = O

1
A2x+Bzy+C2:0 ()

where: 4,1 A,— values of directional coordinates
of the line x; B, i B,— values of directional
coordinates of the line y; C, i C,— nume-
rical values specifying free expression of
the function.

In order to determine the intersection point
(buckling value), equation 1 must be transformed
into the form 2:

{Alx + Bly = _Cl 2
Azx + Bzy = _CZ ( )

The above system of first-degree equations
(with two unknowns) can be solved by applying
the matrix (determinant) method as follows:

_|Ar Bi| _ _

W=|g p|=A1xB2—A2xB1  (3)
—-C, B

Wy = gl H(=C1) X By = (—=C2) X By (4)
—L2 BZ
4 —C

Wy =, _(-C) x4y — 4y, x (=€) O)
2 2

When the above equations are nonparallel (W
# 0), the equation system takes the following so-
lution (6):

Table 1. Material properties of the CFRP — average values (standard deviation) [30]

Mechanical properties

Strength parameters

Young’s modulus E, 103014.11 (2145.73)

Tensile strength F, (0°) 1277.41 (56.23)

MPa
Young’s modulus E, 7361.45 (307.97) Compressive strength F_ (0°) 572.44 (46.20)
Poisson’s ratio v,, - 0.37 (0.17) Tensile strength F, (90°) MPa 31.46 (9.64)
Kirchhoff modulus G, MPa 4040.53 (167.35) Compressive strength F_ (90°) 104.04 (7.34)

134.48 (2.71)

Shear strength F_ (45°)

190



Advances in Science and Technology Research Journal 2024, 18(3), 188—-199

X =
(6)
y =

B

where: x and y denote the coordinates of the inter-
section point of two straight lines, that is
the coordinates of the buckling point.

Experimental studies also used the ARA-
MIS 2D optical deformation measurement sys-
tem, using the digital image correlation (DIC)
method [35] [36] [37] [38]. This system makes
it possible to observe and measure the deforma-
tions that happen when a thin-walled composite
structure loses stability. The test stand is presen-
ted at Figure 2. W An LED lamp was used to
correctly register the deformation, in order to
correctly illuminate the sample and eliminate
uneven illumination of the structure, which ad-
versely affects the quality of deformation regi-
stration. The brightness of the lamp was selected
to avoid unwanted overexposure of the recorded
image. The unwanted effects of overexposure
were eliminated by using a dedicated backgro-
und to absorb the overexposure. The experimen-
tal specimens were placed in the center of the flat
surfaces of the testing machine heads parallel to
each other. The loading and shortening of the
specimen realized by the traverse displacement
was recorded in real time, making it possible to
determine the buckling load value.

NUMERICAL SIMULATIONS

Numerical studies were carried out using the
FEM with the commercial software Abaqus®. De-
dicated numerical models were developed, taking
into consideration the orthotropic Lamin-type mate-
rial model (the model used the material parameters
shown in Table 1), used for composite materials. The
prepared models enabled a detailed analysis of the
buckling of the structure based on the criterion of mi-
nimum potential energy, which allows for determine
the force and buckling mode of the structure. The
equation enabling the determination of the buckling
load is presented below, in te resarch [8, 39] presents
a detailed description of the solution:

Ko™ + 2K i = 0 (7

where: KNM — structural stiffnes matrix relating
to the baseline (equivalent to the baseline
condition, which includes the effects of
preloads PY), gNM — the differential ma-
trix of initial stress as well as load stiffness
resulting from the incremental loading pat-
tern (Q"), 4, — present the eigenvalues: vM
— the buckling (form) mode, known as the
eigenvectors Normalized vectors, where
the maximum displacement component is
1.0, ¥ and " — the degrees of freedom of
the entire model, i — buckling form (mode).
The buckling load is represented by the
following equation: PN + 2;QV .

Figure 2. Experimental stand: a) general view of test stand, b) heads with composite column
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The analyzed composite structures are made
up of 8 layers of CFRP composite with the fol-
lowing layer arrangement [0°/45°/-45°/90°] . Di-
screte models were modeled using the Continu-
um Shell technique as SC8R-type finite elements,
that is eight-node elements, having three degrees
of freedom (translations) at each node. The ma-
chine’s traverses were modeled as non-deforma-
ble planes (plates) using R3D4 four-node three-
-dimensional shell elements having four nodes
and six degrees of freedom (three translational
and three rotational). The discrete model of the
composite columns consisted of 9200 finite ele-
ments, assuming a global mesh density of 2 mm.
In contrast, the discrete model of non-deformable
plates consisted of 1120 finite elements, with a
global mesh density of 2.5 mm. The contact re-
lations [40, 41] between the column and the pla-
tes were modeled with contact interactions in the
tangential direction and in the normal direction
with frictional force (friction coefficient = 0.2).
Boundary conditions were modeled using refe-
rence points coupled to non-deformable plates.
In order to represent the operation of the uni-
versal testing machine, all degrees of freedom
of the bottom plate (translational and rotational)
were fixed (blocked), while the top plate, reali-
zing compression of the structure, was left free in
the translational direction on the Z-axis, making
it possible to apply the load to the reference po-
int of this plate, thus realizing compression of the
structure with respect to the Z-axis. The above-
-described numerical model was used to identify

|Ux=Uy=URx=URy=URz=0

Contact

Interactions

the buckling load and buckling form values using
the finite element method of three types of 8-layer
composite columns made of CFRP with identical
composite layer configurations [0°/45°/-45°/90°]
.» with different in cross-sectional profile: A 40x40
mm, B 50x30 mm, C 60x20 mm. An example of
a discrete model is shown in the figure below.

More details on numerical simulations are
presented in the paper [33]. All analysis was car-
ried out in Abaqus due to the fact that this was one
of the objectives of the project from the National
Science Centre (2021/41/B/ST8/00148) under
which this publication was developed.

RESEARCH RESULTS

Experimental tests conducted made it pos-
sible to define the buckling phase of the loaded
columns. The value of buckling forces was deter-
mined using the straight line method on the basis
of the results recorded using a UTM. Figures 4, 5,
and 6 graphically show the method of determin-
ing the buckling load for nine samples. The lines
shown in the following figures indicate: black
solid line — experimental curve, black dashed line
— buckling load, red solid line — effective approxi-
mation range, and red dashed line — approxima-
tion function.

The determined values of buckling loads
made it possible to compare the impact of the type
of cross-section on the buckling of the structure
made of fiber composite. In order to better show

|Ux=Uy=Uz=URx=URy=URz=0

Figure 3. Discrete model with defined boundary conditions
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Figure 4. Experimentally determined buckling force: (a) specimen Al _1, (b) specimen Al 2, (c) specimen A1 3

and compare the results, the results for 3 types of
cross-section were collected and are presented in
the Table 2. It was shown that the A1 profile had
the highest load value at which the buckling (buc-
kling state) of the structure occurs. The average
value of the buckling force for the profiles was:
Al — 23575 N, B2 — 19828 N and C1 — 14779
N. Comparing the average results, it was found

that the average buckling load, for the Al type
profile, is nearly 1.60 times higher than the ave-
rage buckling force of the C1 profile. It was also
observed that buckling of the column occurs at
different values of shortening. The average value
of shortening of the column was for each type of
profile: A—1.06 mm, B —0.91 mm, C — 0.72 mm.
The largest difference in shortening was between
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Figure 5. Experimentally determined buckling force: (a) specimen B1 1, (b) specimen B1 2, (c) specimen B1 3

the type A and C profiles, it was 0.34 mm about
47%. It has been found that the geometry of the
cross-section of the column has a significant ef-
fect on the value of the buckling force and the
shortening that occurs during buckling. The buc-
kling forms were registered experimentally using
the Aramis 2D DIC. The use of special filters
(median filters) highlighting the deformations
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made it possible to capture the buckling form and
graphically represent the buckling of the actual
structure. The recorded buckling forms are shown
in the Figure 7. Parallel numerical studies of the
buckling of the structure made it possible to de-
termine the strength and buckling form of the
analyzed types of structures. The results obtained
using the finite element method are presented in
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Figure 6. Experimentally determined buckling force: (a) specimen C1_1, (b) specimen C1_2, (c) specimen C1_3

the Figure 8. The values of buckling forces ob-
tained in numerical and experimental analyses
have a high level of agreement both qualitatively
and quantitatively. In the experimental tests, it
was observed that for different types of composite
column cross-sections there is a certain number
of half-waves (in the longitudinal direction): A1 —
four half-waves, B1 — three large half-waves, C1

— three large half-waves. The experimentally ob-
tained buckling forms coincide with the results of
the finite element method. The small differences
in the obtained results between the experimental
and simulation methods testify to the correct ex-
ecution of the research. The results obtained by
numerical simulations show an unknown higher
value compared to the experimental results, the
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Table 2. Comparison of buckling force values obtained by experimental method

Specimen No.
Specimen type Averange value
1 2 3
A1 23808 N 23606 N 23311 N 23575 N
B1 19932 N 19716 N 19837N 19828 N
C1 14445 N 14945 N 14947 N 14779 N

[%]

-0.017

-0.200

-0.400

-0.600

-0.800

-1.000

-1.200

-1.400

[%]
0.041

[%]
0.480

0.300

0.000

-0.300

-0.600

-0.600

-0.900

-1.200

-1.500

-1.800

-2.100

-2.303

Figure 7. Loss of stability (buckling) - experimental tests: (a) specimen Al 1,
(b) specimen B1 1 (c) specimen C1_1

U, Magnitude U, Magnitude

a) Eigenvalue = (24501) D)

Eigenvalue =

U, Magnitude

<)

EigenValue = (15170

Figure 8. Loss of stability (buckling) - numerical simulations:
(a) specimen A1, (b) specimen B1, (¢) specimen C1

maximum difference was 3.92%. This is due to
the fact that the physical models analyzed in the
numerical simulations were idealized, devoid of
geometric imperfections resulting from the pro-
cess and technology of manufacturing composite
columns. A comparison of the obtained results is
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presented in Table 3. Regarding the results obta-
ined, it was observed that the use of the appro-
ximation method of intersection of straight lines,
makes it possible to determine the values of buc-
kling loads based on the experimental load-shor-
tening (displacement) curve. Correct selection of
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Table 3. Buckling results—comparison of experimental and numerical investigations

Specimen type EXP e"peril";ﬁ;:a' average FEM value FEM/EXP
A1 23575 N 24501 N 1.04
B1 19828 N 20359 N 1.03
C1 14779 N 15170 N 1.03

the approximation range (both the part before and
after the change in the ,stiffness” of the experi-
mental curve allows to determine the values of
buckling loads with very high accuracy. When
determining buckling loads regardless of the ap-
proximation method [24], it is necessary, first of
all, to ensure that the approximated sections of the
experimental curve show a correlation coefficient
of at least 0.95 — as described in the paper [25].
On the basis of the study, it was observed that the
results of buckling loads obtained by experimen-
tal testing, are slightly lower in value than those
obtained by numerical simulations. The above, is
due to the fact that actual specimens are, among
other things, subject to geometric imperfections,
while numerical models represent an ideal design.

CONCLUSIONS

This article presents a buckling state analy-
sis of thin-walled composite profiles with closed
cross sections made of CFRP. The study compares
the effect of cross-sectional geometry of structu-
res: Al 40x40 mm, B1 5030 mm, C1 60xx20
mm characterized by equal height, summary of
cross-sectional edge lengths and configuration of
laminate layers [0°/45°/-45°/90°] . An interdisci-
plinary study using a universal testing machine
(UTM), an optical deformation measurement sys-
tem (ARAMIS 2D DIC) and numerical analyses
made it possible to determine both the values of
buckling loads and buckling forms for each analy-
zed structure. The study showed that the geometry
of the cross-section, while maintaining a uniform
arrangement of laminate plies, has a significant
effect on the force and buckling form. It was ob-
served that thin-walled structures characterized by
a square cross-section are characterized by higher
stability, compared to rectangular structures. The
greater the disproportion between the lengths of
the column sides, the structure is characterized by
lower buckling strength. The value of the avera-
ged buckling load, for the Al type profile, is ne-
arly 1.60 times higher than the average buckling

force of the C1 profile and about 1.19 times hi-
gher than the average buckling load of the Bl
profile. A high agreement is evident in both the
qualitative and quantitative assessment of results,
achieved through a combination of experimental
and numerical methodologies. This indicates that
it is possible to develop a discrete model that ac-
curately represents the work of the real structure.
The buckling load obtained by the computational
method was higher by a maximum of 1.04 than
the average value of the results obtained experi-
mentally, the number of half-waves occurring in
both methods was identical — the conclusion is for
observations on the example of the A1 profile. The
above studies do not exhaust the issue of buckling
of thin-walled composite columns with closed
sections. A further direction of research will be the
post-buckling analysis of stressed structures up to
complete failure, taking into account the damage
criteria dedicated to composite materials [42, 43].
Future study will focus on comparing the behavior
of structures in the post-buckling state, including
damage initiation and propagation effects, up to
the failure of structures.
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