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The paper deals with buckling of thin-walled channel-section composite columns
subjected to static compression. It was assumed, that the columns were simply
supported at both ends. For experimental testing three series of specimens were
manufactured with autoclaving technique. The specimens had identical dimensions
but differed about ply sequence. The Hexcel’s HexPly M12 carbon-epoxy prepreg
was used in order to fabricate the channel-section columns. During the stand tests
minimal critical forces and the corresponding buckling modes were determined
with an application of electrical strain gauges. In addition, post-critical equilibrium
paths for small overloads (150 % of the critical force) were determined. The
experimental results were compared to the ones obtained numerically with the finite
element method (FEM).

1. INTRODUCTION

In design process of complex composite materials an important role plays the plies
arrangements, having a decisive influence on load carrying abilities of particular
components of the stress state. This applies to thin-walled composite structures stability as
well, in which a specific ply sequence can have essential influence on a value of critical
load or a structure’s stiffness in post-critical state [1].

This article presents experimental results of thin-walled composite columns having
channel-section subjected to compressive load. It was assumed, that the profiles are
simply supported at both ends. The purpose of the conducted research was determination
of the ply sequence influence on critical load value and the mode of stability loss of the
compressed columns. Moreover, an attempt to assess the influence of the ply sequence on
the structure’s stiffness in post-critical state was made. The obtained experimental results
allowed to verify numerical calculations performed with the finite element method (FEM)
using the Abaqus software.
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2. SUBJECT AND SCOPE OF RESEARCH

The experiments were performed on thin-walled composite columns channel-
section. The columns were made of the M12/35%/UD134/AS7/300 carbon-epoxy
unidirectional prepreg tape (HexPly, Hexcel). The composite’s matrix was epoxy resin
(mass density: p=1.24 g/cm®; mechanical characteristics: R,=64 MPa; v=0.4; E=5.1 GPa),
whereas the reinforcement were the AS7J12K carbon fibres (o= 2.5 glcm?®, R,,=4830 MPa;
v=0.269; E=241 GPa). Test specimens were manufactured with autoclaving technique,
providing high strength of the fabricated structures, as well as repeatability of the production
process [2]. Three types of 8-ply composite columns were tested. The layups were
symmetrical, as follows: (a) - [0,-45,45,90]s, (b) - [0,90,0,90], (c) - [45,-45,90,0]s. Each ply
had the same thickness of 0.131 mm. In Fig. 1 the dimensions of the profiles and an
exemplary ply sequence were given.

8x0.131 = 1.048

40

Fig. 1. Dimensions and exemplary plies arrangement for column under analysis

For the used composite prepregs the following mechanical characteristics were
determined experimentally - Young’s moduli: E;=130.71 GPa, E,=6.36 GPa,
Kirchhoff’s modulus: G;, = 4.18 GPa, Poisson’s ratio: vi, = 0.32. In destructive tests the
following features were additionally estimated: tensile strength in the 0° direction
(longitudinal): oc;=1867.2 MPa and in perpendicular 90° direction ©,,=2597 MPa;
shearing strength for the +45° direction: t1,,=100.15 MPa and compressive strength in
the two perpendicular 0° and 90° directions: o\=1531 MPa and o ,=214 MPa,
respectively. The experimentally determined strength characteristics of the carbon-epoxy
composite were exploited in the definition of material model in the FEM calculations.

The manufactured composite columns underwent texture quality control of the
laminate with non-destructive testing (NDT) methods and microstructural inspection
considering a localization of possible flaw. The flaw can have a form of delamination or
porosity cluster. They are the most frequently occurring laminate defects and can
seriously deteriorate the material strength. Moreover, they can be sources of failure of the
composite structure. The NDT tests were done with OmniScan MXU-M ultrasonic
defectoscope, equipped with Olympus 5L64 A12 measurement head. The walls of all the
produced profiles were inspected considering flaw identification. The A-scan and the B-
scan techniques were used, as they allowed to localize and to dimension the possible flaw
within the material. Additionally, microstructural research was lead with X-ray micro-
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tomography (SkyScan 1174 microtomograph) and with optical microscopy (Nikon
MAZ200). Both techniques employed computer-assisted image analysis (Image Pro Plus,
NIS-Elements). These methods enabled additional analysis of the composite profiles
round corners’ radii, where a possibility of discontinuity in the form of interlayer
delamination was particularly high. The performed measurement confirmed very good
quality of the manufactured composite profiles, as no internal flaws were detected.

3. NUMERICAL CALCULATIONS

The numerical calculations were performed with the FEM using the Abaqus
software. The scope of the calculations covered critical state analysis — linear calculations
with the buckling analysis option, enabling determination of critical loads and the
columns’ buckling modes. Next stage of computations was a non-linear analysis of a
structure with implemented imperfections related to the first buckling mode. This enabled
observation of post-critical deformation. In non-linear calculations the Newton-Raphson
incremental-iterative method was employed [3]. In the process of the structure
discretization the S4R, i.e. 4-node shell elements with linear shape function and reduced
integration having 6 degrees of freedom at each node were used. A numerical model of
the channel-section composite columns is presented in Fig. 2.
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Fig. 2. FEM model of the tested composite columns

The scope of numerical simulations covered also an attempt to assess the possibility
of damage occurrence in the composite in post-critical range. An assessment of material
effort, as well as an estimation of the failure load level was done with the Tsai-Wu
criterion [4], using the experimentally determined limit parameters of the composite. In
addition, a assumed FEM model validations was done with the analytical-numerical
(A-N) method [5-7], based on the Koiter theory [8].
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4. EXPERIMENTS

The experimental tests consisted of axial compression of the composite columns
within a range from 0 up to ca 150 % of the critical load. In order to provide fine axial
loading conditions, special self-aligning grips with spherical bearings were designed and
fabricated. The grips transfered the load exerted with the Zwick Z100/SN3A universal
testing machine to a specimen - Fig. 3. The used machine is in accuracy class 1. Any
imperfections of the columns’ ends, able to cause unwanted boundary effects, were
compensated by specially prepared soft-plastic pads.

Fig. 3. Stand test with self-aligning grips for compressive loading of composite columns

On the specimen’s internal and external surfaces in the vicinity of the biggest web’s
deflection area Vishay’s electrical strain gauges were sticked along the loading direction.
The two CEA-06-125UW-350 series gauges had a constant k=2.135+0.5 % and electrical
resistance of 350 Q+0.3 %. In addition the deflections were measured with the
OoptoNCDT 1605 laser dilatometer. All the measurement elements were plugged to the
MGCplus system (Hottinger). During the tests the indications of all sensors were
registered with a frequency of 1 Hz. It is worth underlining, that no symptoms of the
columns’ failure were noticed during the tests. Before each test the loading setup was pre-
loaded up to 25 % of the expected critical load in order to provide the best possible
alignment of the column and the grips. Next, the retainers were removed and the specimen
was unloaded to 0. All tests were conducted in standard conditions, at 23°C with constant
velocity of the cross-bar equal to 1 mm/min. The experiments were lead in sub-critical
range with registration of parameters needed in determination of critical loads, as well as
in post-critical range. For each of the considered ply sequences three samples were tested
and the measurements were done thrice. Thus, nine measurements were performed for each
layup in order to determine the columns’ sub- and post-critical characteristics.
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On the basis of the obtained experimental results the values of critical load were

determined, in accordance with the following merthods [9-18]:

- the mean-strain (P-g5;) method — denoted as K1 [9,12,17],

- the method of straight-lines intersection in the plot of mean strains — denoted as K2 [9,12,17],
- the P-(&:- £,)>~method — denoted as K3 [11,17],

- the P-(g;- &,)-curve inflection point method - denoted as K4 [9].

Preliminary tests showed, that the oldest and the most known Soutwell method [13-
18] could not be used, because the values of critical forces manifested big error and,
additionally, were not repeatable.

In the mean-strain (P-g5;) method (K1) two strain gauges were placed along loading
direction on both sides of a the web near the biggest-deflection area. Next the values of
strains: g; and &, were measured with gauges and registered as a function of the compressive
force P. In the end the mean strains were calculated. Construction of the P-g plot enabled
determination of the critical forces — just reading an ordinate of the point, in which vertical
tangent line touched the plot curve. The method of straight-lines intersection in the plot of
mean strains (K2) was similar to the above described K1 method. The only difference was
the way of critical force readout. For the purpose of critical loads determination it was
necessary to approximate both pre- and post buckling state of the &4-P plot with straight
lines. The critical state was determined as an ordinate of intersection point of these straight
lines. In the P-(g;- €)* (K3) method a plot of force vs square of deflection had to be
constructed. It was a straight line intersecting the load axis at the point of critical force. It is
worth noting, that knowing the indications of gauges sticked to the opposite sides of each
profile’s web one could assume that the relation of the deflection w was directly proportional
to the difference of the gauges’ indications (g;-g,). In the last method (K4) for the relation
(e1- €)-P the critical force was determined as an intersection-point ordinate of that curve.

5. RESULTS - DISCUSSION

Both prebuckling and critical states research proved, that the lowest values of the
critical loads refered to local modes of stability loss in case of of all the tested composite
columns and the respective buckling modes, as well. Fig. 4 presents the lowest buckling
modes obtained with humerical calculations (FEM) and in experiments.

A collection of mean values of critical loads and their scatters determined
experimentally and comparative values obtained numerically both with the FEM and the
A-N method were presented in Fig. 5.

The results shown in Fig. 4 and Fig. 5 indicate both qualitative and quantitative
convergence of the buckling modes and the critical load values obtained numerically with
the two computational methods and in the experiments. Analysis of the critical loads
obtained for all the tested columns with the FEM and the A-N method leads to a
conclusion, that the results were practically the same — the biggest divergences of ca 4.3%
were obtained for the profile with the [0,-45,45,90]; layup. Moreover, on the basis of the
plot in Fig. 4 one can conclude, that numerical results place usually in the middle of the
critical load range determined with particular methods exploiting the experimental data.
The only exception was the [45,-45,90,0], profile, for which the computational value of
critical force was for 6 % lower than the experimental one.
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Fig. 4. Buckling modes of the composite columns:
(a) [0,-45,45,90], (b) [0,90,0,90]s, (c) [45,-45,90,0],
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Fig.5. The mean values of critical forces obtained expeimentally and their scatters for the
respective series of samples: (a) [0,-45,45,90];, (b) [0,90,0,90],, (c) [45,-45,90,0],

These results allowed to estimate the influence of the composite layup on critical
load values. The smallest values of critical forces were gained in case of the [0,90,0,90];
profile, whereas the biggest ones - for the [45,-45,90,0] ply sequence. On the basis of the
performed analyses a columns’ tendency to have higher critical load for the layups in
which the 0°-plies were located in the vicinity of the mid-plane. No increase in critical
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load among profiles differing only with the location of the 0° degrees ply
(i.e.: [0,-45,45,90]s and [45,-45,90,0]s) in comparison to a layup experiencing lower
critical load was ca 48 %.

Post-critical range analysis enabled to assess the deformation and the stiffness of the
structure after the stability loss in relation to the laminate’s plies arrangements. The
failure loads were determined only in numerical way using FEM because the experimental
tests were lead within the range exceeding ca. 1.5-times. An attempt was made to assess
the failure load value in accordance with the Tsai-Wu criterion [4]. In Fig. 6 the post-
critical deformation of the compressed columns corresponding to the failure load value
was presented (the Tsai-Wu-criterion failure parameter equal to 1).

Fig. 6. Post-critical deformation state: (a) [0,-45,45,90],, (b) [0,90,0,90],, (c) [45,-45,90,0]¢

Zones, where the critical value of the failure parameter was reached indicated the
areas endangered to damage occurrence in the laminate’s external plies. The values of
failure load determined with the FEM in relation to the critical load were collected in
Table 1.

The obtained FEM results of the destructive forces showed, that the change of the 0°-
plies locations (i.e.: [0,-45,45,90], and [45,-45,90,0]) in relation to the system having lower
loading was ca 39 %. This means, the difference in failure load was lower than in critical
loads. Interesting results of the critical and failure loads were obtained for the composites
with [0,-45,45,90], and [0,90,0,90]; plies sequences. Note, that the critical load in case of the
[0,-45,45,90], sequence was bigger than the critical force for the [0,90,0,90]; ply sequence.
On contrary, in case of failure loads an opposite tendency was observed. This probably was
a result of multiplication of the 0°- plies number.

Moreover, it should be noted, that among the analysed layups the cross-ply laminate
showed the biggest increase in failure force in relation to critical force — ca six times.

Table 1. Failure load values (FEM)

Composite layup (a) - [0,-45,45,90]s | (b)-[0,90,0,90]s | (c) - [45,-45,90,0];
Critical force P, [N] 2977.2 2282.3 4402.4
Failure force Ps [N] 10100 13693 14087
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Fig. 7. Comparison of post-critical equilibrium paths for composite columns with different
layups: (a) - [0,-45,45,90]s, (b) - [0,90,0,90]s, (c) - [45,-45,90,0],. obtained with the
FEM
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Fig. 8. Comparison of post-critical equilibrium paths for composite columns with different
layups: (a) - [0,-45,45,90],, (b) - [0,90,0,90],, (c) - [45,-45,90,0]; obtained with A-N
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Fig. 9. Comparison of post-critical equilibrium paths for composite columns with different
layups: (a) - [0,-45,45,90]s, (b) - [0,90,0,90]; and (c) - [45,-45,90,0]; obtained
experimentally
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Post-critical equilibrium paths were also determined for the nodes experiencing
maximal amplitudes of displacement in a slightly post-critical state. Figs 7 +~ 9 present the
results of experiments, as well as the FEM and the A-N method outcomes in both
dimensional (w-P) and non-dimensional coordinate system (w/h-P/P.,, where h stands for
the columns’ wall thickness).

For every tested column high similarity of the computational and the experimental
results was gained. However, in the plots the comparison of equilibrium paths was
emphasized for different composite’s ply-sequences. The comparison of the non-
dimensional results obtained with the FEM and the A-N showed that in post-critical state
the plies sequence had no influence on the column’s stiffness. Namely, the inclination of
the curves in post-critical state was very similar. A detailed analysis of the results showed
only slightly bigger stiffness of the (c) composite column.

The observations yielding from the dimensional and the non-dimensional plots gained
with computational methods were confirmed experimentally — see the similar inclination of
the post-critical state curves in Fig. 9. Moreover, it was noticeable, that the deflections of the
columns (a) and (b) were bigger than those of the (c) column, when the applied load value
was from the post-critical range. The column exhibiting higher critical load deflected less in
relation to those having lower critical load.

4. CONCLUSION

In the article the analysis of the thin-walled channel-section composite columns
subjected to static compression was presented. The obtained results showed both
qualitative and quantitative conformity of buckling modes, as well as values of critical
load found by numerical or analytical-numerical calculations with experimental outcomes.
Moreover, one could notice, that computational results placed usually in the middle of the
critical load range, estimated with particular methods exploiting the experimental results.
The obtained outcomes allowed to estimate the influence of the composite’s plies
sequence on the value of critical load. On the basis of the composite columns behaviour in
compression a tendency to have higher critical load was observed, in case of the
structures, in which the 0°-plies were located in the vicinity of the layup’s symmetry
plane. The (b) column exhibited the biggest increase in its failure load in relation to the
critical one - even 6 times.

Concerning the stiffness of the considered columns, it was similar for all specimens:
the inclination angle of the curves’ secant lines was almost the same in post-critical state.
Comparison of the deflections of the considered columns lead to a conclusion, that the
column (c), having bigger critical load for the applied force from the post-critical range,
deformed less than the columns having lower critical loads ((a) and (b)).
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