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Stability of the thin-walled angle column made
of bio-laminate versus glass-laminate under
axial compression — numerical study
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The aim of this study was to determine how the change of glass laminate fibres to
flax fibres will affect the stability of thin-walled angle columns. Numerical analyses
were conducted by the finite element method. Short L-shaped columns with different
configurations of reinforcing fibres and geometric parameters were tested. The axially
compressed structures were simply supported on both ends. The lowest two bifurcation
loads and their corresponding eigenmodes were determined. Several configurations
of unidirectional fibre arrangement were tested. Moreover, the influence of a flange
width change by +100% and a column length change by +33% on the bifurcation
load of the compressed structure was determined. It was found that glass laminate
could be successfully replaced with a bio-laminate with flax fibres. Similar results
were obtained for both materials. For the same configuration of fibre arrangement, the
flax laminate showed a lower sensitivity to the change in flange width than the glass
material. However, the flax laminate column showed a greater sensitivity to changes
in length than the glass laminate one. In a follow-up study, selected configurations
will be tested experimentally.

1. Introduction

Fibrous laminates are a very popular construction material that is widely used
in a growing number of industries. This is due to high strength, low weight and
reduced production costs of these materials. The production of synthetic fibre-
reinforced composites entails high energy demand and many limitations regarding
their recycling [1, 2]. An important aspect of environment protection is to promote
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ecological structures made of bio-laminates with natural fibres or natural matrix.
For structural applications, plant-derived fibres such as coconut, flax, jute, hemp,
sisal and bamboo have desired mechanical properties and at the same time they are
more economic and environment-friendly than even fiberglass [3, 4]. In terms of
environmental protection, natural fibres are easier to recycle and dispose of com-
pared to synthetic fibres. Bio-laminates reinforced with natural fibres are applied
in various industries. Natural flax fibres are used in the production of door panels,
window posts or car trunk inserts, musical instruments, kayaks, hockey sticks, and
snowboards [5-8].

Epoxy laminates reinforced with flax fibres are more and more often investi-
gated. Among others, there are studies describing the properties of flax fibres [9—
11], relationships between the manufacturing process and the mechanical properties
of laminates with flax fibres [12], and mechanical properties of laminates under dif-
ferent loads: tension [13—15], compression [13, 16] or bending [17]. Studies on the
structures made of natural composites are particularly interesting. In [18], the au-
thors investigated the behaviour of a flax/epoxy beam laminate under compression.
Three different orientations of a bidirectional tape were studied experimentally. In
addition, the critical load of the analysed structure was determined analytically.
The stability of a woven flax/epoxy laminate plate was considered in [19]. Ex-
perimental and numerical analyses were performed to determine the critical load
of the structure. The effects of tape orientation, plate thickness and width on the
compression behaviour of the plate were investigated.

The literature review showed a lack of experimental and numerical studies
on the stability and failure of natural fibre composite structures. Therefore, in
this study, material data of an epoxy laminate with unidirectional fibres [16] were
used, and a numerical analysis of the stability of a thin-walled column under
axial compression was performed. A numerical model of the axially compressed
structure with different fibre arrangement configurations was designed in a similar
manner as in [20-22]. The eigenproblem was solved by the finite element method
using the Abaqus software. The obtained results were then compared with those
obtained for a glass-laminate structure in order to determine a relationship between
bifurcation loads and flange width and column length. Similar results were obtained
for natural and synthetic materials. This study is the first stage of more extensive
research on the post-buckling behaviour of structures and its follow-up will involve
conducting experiments on real elements.

2. Validation of the FEM model of a bio-laminate structure

The first stage of the study involved verifying the FEM model of a bio-laminate
structure. In [19], a rectangular plate with the dimensions of 200 mm (length),
40 mm (width) and 1.5 mm (thickness), made of woven flax/bio epoxy (WFBE)
was studied. Different fibre configurations of the plate were tested. Among others,
a relationship between tape orientation in two different directions (90°; 45°) and
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bifurcation loads was investigated experimentally and numerically using the Ansys
software. In each analysed case, the plate consisted of two plies whose material
constants were determined experimentally (Table 1). In the experiment, the work-
piece was clamped on both sides over a length of 50 mm, therefore the central
section of the workpiece had a reduced buckling length of 100 mm.

Table 1. Experimental material data of WFBE [19]

Elastic constants
Eq 5.968 (GPa)
E; 5.392 (GPa)
V12 0.396
G 1.53 (GPa)

To verify the employed modelling method, a model of the above plate was
designed in the Abaqus software. The model was assigned the same boundary
conditions as in [19]. Shell elements (S8R) were used to build the plate consisting
of 1000 finite elements. The number of plies was determined by the layup-ply
technique [23]. The S8R elements had 6 degrees of freedom in each node. Each
laminate ply was described by the material data listed in Table 1. The plate was
mounted between two non-deformable plates: one of them was fixed, while the
other could move to simulate axial compression. The boundary conditions were
imposed on the ends of the plate in order to simulate a clamped-clamped plate.
The rigid plates were modelled with R3D4 discrete rigid elements, each element
having 6 degrees of freedom in each node. As a result of numerical modelling,
bifurcation loads and corresponding buckling modes were determined. The first
lowest buckling mode with one half-wave along the entire length of the plate was
analysed (Fig. 1).

Y

R

Fig. 1. First buckling mode of the tested plate

X
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The FEM results were then compared with the experimental results reported in [19],
as shown in Table 2. The FEM results and the experimental findings in [19] show
high agreement, with the relative error (Error = (PEXP — PFEM)/PEXP)*100%)
being below 3%. This confirms that bio-laminates were correctly modelled in
Abaqus.

Table 2. Bifurcation load of a clamped-clamped plate

. . Bifurcation load in N Error
Orientation
EXP [19] Ansys [19] FEM (%)
90 80.32 85.88 81.68 -1.69
45 67.89 68.71 66.48 2.07

3. Numerical model

In the next step, thin-walled angle columns made of a unidirectional flex
prepreg under axial compression were investigated. Five fibre arrangement config-
urations with five different lengths and five different flange widths were tested. The
tested cases are given in Table 3.

Table 3. Analysed cases of thin-walled columns

Lay-up configuration L('f:r%lt)h \(Y;?;};
Cl [0/60/60/0]s L1 200 Wi 20
C2 [60/0/60/0]s L2 250 w2 30
C3 [0/~60/60/0]s L3 300 W3 40
C4 [-60/0/60/0]s L4 350 w4 50
(6] [-60/60/-60/0]s L5 400 W5 60

The tested columns were made of two materials: unidirectional flax fibre
epoxy prepreg [16] and unidirectional glass fibre epoxy prepreg [24-26]. The
first material’s parameters were determined in the experiments reported in [16].
However, mechanical properties of the GFRP laminate were determined on the
basis of tensile tests, compression tests and a shear test carried out in accordance
with the relevant standards presented in papers [24-26]. These parameters are listed
in Table 4. The prepreg’s single ply had a thickness of 0.25 mm.

Table 4. Parameters of the tested materials

Elastic constants

Flax [16] Glass [24]
E11 (GPa) 32 38.5
E>) (GPa) 5.23 8.1
viz2 (=) 0.396 0.270
G (GPa) 1.66 2.0
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A numerical model of a compressed simply supported angle column was de-
signed in the Abaqus software by the finite element method (Fig. 2). The laminated
column was modelled using S8R shell elements having 6 degrees of freedom in
each node. A regular mesh with an element size of 2 mm was used, which re-
sulted in a total of 6000 finite elements (L3W3). Assuming that a single ply had
a thickness of 0.25 mm [16], five configurations were obtained for analysis, each
comprising 8 plies (Table 3). Consequently, the tested structure had a thickness of
2 mm. The lay-up of laminate plies was prepared by the layup-ply technique [23].
The tested column was simply supported on both ends, so it was put between two
non-deformable plates that were modelled using discrete rigid elements R3D4 with
6 degrees of freedom in each node. At the column/plate contact, the degrees of
freedom perpendicular to the column surface were constrained. In addition, contact
interactions were applied between these elements. The top rigid plate was fixed
to the reference point RP1 with zero degrees of freedom (motionless point). The
bottom plate was fixed to the reference point RP2 and was allowed movement along
the axis of the column (Z axis). Axial compression on the column was induced
by the bottom cross-beam movement in the Z-axis direction. For each analysed
variant, identical boundary conditions were applied.

line: fixed movement on the X" axis

U1=0:
Rigid plate
RP1: motionless point
. U=0: UR=0
line: fixed movement on the Y axis
L-profile
composite U2=0;
RP2: 7" axis movement allowed
1J1=0; U2=0; UR=0
Rigid plate

line: fixed movement on the X" axis

U1=0;

Fig. 2. Boundary conditions of the numerical model
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In the numerical simulations, an eigenvalue problem was solved using the mini-
mum potential energy criterion. A focus was put on analysing the lowest eigenmode,
and the effect of prepreg fibre arrangement configurations on the eigenvalue was
determined. The numerical tests were an introduction to conducting experiments on
selected configurations of bio-laminate fibres. The experiments will be conducted
in the next stage of the research.

4. Numerical results

The first and second eigenmodes and the corresponding bifurcation loads for
all configurations of laminate plies were determined. For all cases, the lowest
local buckling mode assumed the form of a half-wave on each web of the angle
section (Fig. 3a). This behaviour resulted from the stress concentration in the corner
of the angle section, hence the free edge of the wall would undergo the simplest
buckling deformation into one half-wave. The end sections of the structure remained
stationary. The second mode in each variant was characterized by the occurrence of
two half-waves on each side of the column (Fig. 3b). All values of the bifurcation
forces for a length of 300 mm and different widths (W1-W5) are summarized in
Table 5.

(a) first mode (b) second mode

Fig. 3. Eigenmodes of the analysed bio-laminate angle column
(fibre configuration has no impact)

The obtained results were analysed in terms of determining the effect of fibre
arrangement configuration on each tested width variant. Both materials showed
similar dependencies, which means that bifurcation load decreased with increase in
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Table 5. Bifurcation loads in N for a thin-walled column (constant length)

Flax, L = 300 mm W1 w2 W3 w4 W5
1 model 1802.5 1499 1350.4 1287.4 1272.9
mode2 2151 1929.8 1889.3 1926.5 1998.3
o model 1930 1577.8 1394 .4 1305.7 1270.6
mode?2 2182.7 1878.9 1776 1764.8 1796.4
model 2247.6 1842.9 1613.8 1492.3 1434.2
< mode2 2662 2301.6 2175.1 2159.8 2202.2
ca model 2576.3 2097.1 1805 1636.4 1540.9
mode2 2913.9 24244 2200.2 2107.6 2084
s model 3369 2836.9 2379.1 2065.3 1850.5
mode2 3862.4 3085.7 2605.4 2315.6 21353
Glass, L = 300 mm w1 w2 w3 w4 W5
1 model 2326.2 1925.5 1720.3 1625.8 1594.5
mode2 2762.9 2451.1 2374.7 2402 2477.1
o model 2569.6 2099.3 1843.9 1713.2 1653.3
mode2 2904.5 2482.2 2323.8 2287.3 2308.7
3 model 2786.5 2282.4 1993.5 1838 1761.1
mode2 3293.6 2836.1 2668.8 2640.4 2684.4
ca model 3260.4 2657.9 2283.7 2064.6 1937.8
mode2 3694 3067.6 2773.8 2646.3 2606.7
model 4214.6 3550.7 2981.2 2590.9 2323.8
© mode2 4838 3875.9 3280.2 2921.8 2699.4

width. For the smallest width (W 1) and similar configurations C1 and C3 (Fig. 4a),
the relative error for the first mode was equal to 25%. When the flange width was
increased, this error would decrease until it reached about 13% for the W5 width.
The same situation was observed for the second mode. However, the laminate with
natural fibres showed a greater sensitivity to the change in the C1/C3 configuration.
As aresult of changing the angle of the fibres in one ply from +60° to —60°, the C3
configuration showed higher stiffness than the C1 configuration. Equally similar
results were obtained for the configurations C2 and C4 (Fig. 4b), i.e., the C4 system
was characterized by 33% higher stiffness than C2 for width W1. On the other hand,
as the flange width increased, the difference in stiffness decreased to approx. 21%.
Similar results were obtained for the first and the second mode. A comparison of
the C1 and C5 configurations (Fig. 4c) demonstrated that for the W1 system the
first mode had a higher bifurcation load by 87%. The same trend was observed for
the first mode, and with a flange width increase the difference was reduced to 45%.
Regarding the second mode, a slightly different phenomenon was observed, i.e.,
there was a linear change between W1 and W5, with the difference in relative error
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Fig. 4. Bifurcation load versus flange width change: (a) C1/C3, (b) C2/C4, (c) C1/C5



www.czasopisma.pan.pl P N www.journals.pan.pl
T
POLSKA AKADEMIA NAUK

Stability of the thin-walled angle column made of bio-laminate versus glass-laminate... 51

between W1 and W5 being 72% and 65% for the natural and synthetic material,
respectively. Therefore, for the second mode, the flange width had a significant
effect on the bifurcation load. All above cases are presented in Fig. 4, where
the relative changes were calculated as follows: relative change_C1C3 = ((F_c1 —
F_c3)/F_c1)*100%; relative change_C2C4 = ((F_c2 —F_c4)/F_c2)*100%; relative
change_C1C5 = ((F_c1 — F_c5)/F_c1)*100%.

After that, the effect of the flange width change by £100% on the bifurcation
load was determined. This was done by calculating the relative change of obtained
load values for W1 and W5 in relation to W3. A similar trend was observed for
both materials, i.e., a reduction in the flange width by 100% resulted in a significant
increase (even up to 45%) in the bifurcation load (for the first and second modes).
However, an increase in the flange width by 100% did not yield similar results.
A reduction in the strength of max. 23% was observed for the first mode. For
the second mode, the configurations C1, C2, C3 of the natural material achieved
slightly higher loads than with a smaller column width. The glass laminate behaved
similarly for the C1, C3 configurations. Moreover, the natural material showed a
lower sensitivity to the change in the flange width for the same configurations of
fibre arrangement. This situation was observed for all tested configurations, except
for C5 where no difference was observed between the results of both materials.
Detailed results of the analyses are given in Fig. 5, where the relative change W3/W1
was calculated from the formula: relative change = (F_W3 - F_W1)/F_W3)*100%
or (F_W3 -F_W5)/F_W3)*100%.

30 T T T T

I \W3/W1 Flax IBW3/W5 Flax [1W3/W1 Glass IBW3/W5 Glass
20 5

107 l I |
0
-107 n |

20+ 4

relative change (%)

-30

40+ .

1 1 1 1
ciM1  CiM2 C2mM1  C2M2 C3M1 C3M2 C4M1  C4M2 C5M1  C5M2

-50

Fig. 5. Change in W3 configuration bifurcation load as a function of flange width change by +100%,
where M1 denotes mode 1, M2 denotes mode 2

An analysis of the first two eigenmodes revealed that with a column width
increase, the second mode was farther from the first one. This situation was observed
for all configurations except C5 where the flange width change had no effect on
the proximity between the two eigenvalues. Moreover, for the C5 configuration, the
second eigenvalue was the closest to the first one and amounted to about 12% on
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average. This was the case with two materials: flax and glass laminates. Regarding
the remaining configurations, however, the flax fibre laminate had a positive effect,
and its use led to a greater difference in the bifurcation loads between the first
two modes. Detailed values of the relative change between model and mode?2 are
shown in Fig. 6, where the aforementioned change was calculated in the following
way: relative change M1M?2 = (F_M2 - F_M1)/F_M1)*100%.

60 : :
= C1 XC2 ¢ C3 ©C4 =C5 x y

50 - x h
@ X
N
=40 x 5 * *
s

% * ve (o) o
230 % ) o il
; x
o x % °
) o o o a
2 l & o o

10 @ o o o

O 1 1 1
W1F W1G W2F W2G W3F W3G WA4F W4G W5F W5G

Fig. 6. Proximity between the first two eigenvalues, where F — flax, G — glass

In a successive analysis, the effect of column length on bifurcation load was
investigated for both materials. Thorough tests were carried out with a constant
column flange width value selected from the middle of the tested range (i.e.,
W3 =40 mm). The obtained results are given in Table 6. As previously, the effect of
fibre configuration on bifurcation load versus column length change was determined
first. For this purpose, the similar configurations C1 and C3 as well as C2 and C4
were compared. Moreover, the configurations C5 and C1 were compared. A relative
change was determined for every configuration pair, as shown in Fig. 7. It was found
that an increase in the column length led to an increase in the relative change value
for all lengths, both tested materials and each configuration pair. This showed that
fibre configuration was of significant importance. It was again observed that when
the column length was changed, the flax laminate was more sensitive to the change
in the system configuration than the glass laminate. Furthermore, a comparison of
the C5/C1 configuration pair demonstrated that the material had no impact on the
relative change (Fig. 7c). On the other hand, for the C1/C3 pair, the change in the
angle from 60° to —60° led to stiffening of the system. Regarding the first mode,
for the L1 length, an approx. 2% increase in the stiffness of the flax laminate was
obtained. As for the longest column, the natural material contributed to an over
5% increase in the column stiffness (Fig. 7a). A similar trend was observed for the
second eigenmode albeit with a slightly smaller increase in stiffness. For the C2/C4
configuration pair a similar effect was obtained as for the C1/C3 pair.
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Table 6. Bifurcation loads in N for a thin-walled column (constant width)

Flax, W = 40 mm L1 L2 L3 L4 LS
1 model 1833.3 1521.6 1350.4 1246.1 1177.5
mode2 2900.7 2261.9 1889.3 1654.4 1497.4
© model 1819.1 1545.4 1394.4 1302.1 1241.1
mode2 2589.7 2075 1776 1588.8 1464.5
model 2060.1 1771.7 1613.8 1517.2 1453.4
< mode2 3193.3 2545.1 2175.1 1944.4 1790.7
ca model 2196.9 1945.1 1805 1718.1 1659.8
mode2 2998.2 2491.2 2200.2 2018.5 1897.4
model 2619.9 2469.1 2379.1 2318.1 22727
© mode2 3050.9 2767.7 2605.4 2502.7 2432.6
Glass, W = 40 mm L1 L2 L3 L4 LS
1 model 2294.1 1923.9 1720.3 1596 1514.1
mode2 3594.3 2823.3 2374.7 2092.3 1903.6
2 model 2363.4 2029.3 1843.9 1729.9 1654.3
mode2 33255 2692.8 2323.8 2091.9 1937.4
3 model 2528.8 2183 1993.5 1877.6 1800.8
mode2 3891.7 3113.1 2668.8 2391.8 2207.6
model 2761.1 2454.6 2283.7 2177.4 2105.8
“ mode2 3748.7 3129.7 2773.8 2551 2402.4
cs model 3288.1 3095.8 2981.2 2903.8 2846.4
mode2 3856.3 3490.3 3280.2 3147.5 3056.8

After that, an analysis was carried out to determine the percentage of bifurca-
tion load change with changing the column length by +£100 mm. The reference was
a 300 mm long column (L3). The analysis was performed for two materials where
the greatest changes in stiffness for all configurations were obtained for the second
eigenmode. For almost every tested variant, the flax laminate showed a greater
sensitivity to the changes in column length. Only the C5 configuration showed a
slightly different result. A reduction in the sample length by 100 mm caused a
greater change in the bifurcation load than increasing the length to 400 mm. The
highest increase in column stiffness for the first mode was observed for the C1
configuration (it increased by about 35%). A reduction in the sample length for
the same C1 configuration was found to have the greatest effect on the load value
(approx. 13%). For the second eigenmode, the stiffness change was —55% and
21%, respectively. The relative change value for L3/L1 and L3/L5 was calculated
from the formula: relative change = (F_L3 — F_L1)/F_1L.3)*100% or ((F_L3 —
F_L5)/F_L3)*100%. All results are presented in Fig. 8.
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Fig. 8. Percentage bifurcation load change for the shortest (L1) and longest (L5) column in relation
to a length of 300 mm (L3), where M1 — mode 1, M2 — mode 2

Above it was described how the change in column length affected the proximity
between the first two modes (Fig. 9). Totally different results were obtained for
width change. Namely, with an increase in column length, the first two eigenvalues
become closer and closer to each other (C1-C4). In addition, it was found that
for the same configurations (C1-C4), the natural laminate caused slightly greater
differences in the first two eigenvalues. However, for the C5 configuration, the
column length change did not significantly affect the proximity between mode
1 and mode 2, even though the natural laminate exhibited a lower sensitivity to
column length change than the glass laminate.
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Fig. 9. Proximity between the first two eigenvalues for a constant value of flange width; F — flax
laminate, G — glass laminate
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In the next step of this study, the post-buckling behaviour of the angle columns
was investigated. A nonlinear buckling problem was solved by the Newton-Raphson
method using FEM-based commercial software. The amplitude of initial geometri-
cal imperfection related to the lowest local buckling mode was set to 0.01 mm. The
numerical model and its boundary conditions were the same as in the eigenvalue
problem. The post-buckling behaviour of the selected column is illustrated via
load versus shortening plots (i.e., P — A plots in Figs. 10, 11), where the solutions
achieved for the flax prepreg and the glass prepreg are compared. Due to a large
number of calculation variants, only selected cases were analysed in detail. First, a
column made of flax and glass prepreg with the greatest length was selected (i.e.,
Sample L5 with a length of 400 mm and configuration C5 — Fig. 10). By the same
token, simulations were carried out for the shortest column (i.e., Sample L1 with
a length of 200 mm and configuration C5 — Fig. 10). The shortest and the longest
angles made of flax and glass prepregs were tested. As expected, the longer sam-
ple showed a greater shortening than the shorter one. Moreover, the glass prepreg
specimens showed a greater stiffness in the pre-buckling and post-buckling states
than the specimens having identical length that were made of the natural material.
In the nonlinear analysis, the longer samples (L5) loaded with a force of 7000 N
exhibited 35% more shortening than the shorter samples (L.1). It is worth noting
that this relationship was observed for both analysed materials. The pre-buckling
and post-buckling states in Fig. 10 are marked with straight lines. Moreover, for all
obtained curves it is possible to observe a break point, i.e., the point which marks
the critical state [27, 28].

7000

6000 -

5000

‘ ® L1-flax ====L5-flax L1-g|ass—-L5-gIass‘ 3

1 1 1 1
0 0.5 1 1.5 2 25 3 3.5
shortening (mm)

Fig. 10. Post-buckling behaviour of the analysed columns with a ply arrangement of
[-60/60/-60/0]s (C5) and constant width of 40 mm (W3) when the amplitude
of initial deflection is equal to 0.01 mm

Additionally, the analysis covered the columns with C1 configuration and a
constant length of 300 mm (i.e., L3) and a variable flange width. Fig. 11 shows
the P — A plot for the smallest and the largest flange width. The behaviour of the
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Fig. 11. Post-buckling behaviour of the analysed columns with a ply arrangement of
[0/60/60/0]s (C1) and constant length of 300mm (L3) when the amplitude
of initial deflection is equal to 0.01 mm

columns made of flax laminate and glass fibre laminate was analysed in detail.
With wider flanges (i.e., 60 mm, W5), the columns showed a greater stiffness in
the pre-buckling and the post-buckling condition. This observation was made for
the column made of both natural and synthetic laminate. Moreover, for the 60mm
width sample (i.e., W5) with a shortening of about 1.2 mm, the compressive load
was higher by approx. 44% and 40% for the synthetic and the natural material,
respectively, than that obtained for the column with a flange width of 20 mm (i.e.,
W1). However, for the flax sample (W5) loaded with the same compressive force
of 7000N, the shortening was greater by about 32% compared to the glass sample
(W5). The numerical calculations for W1 were prematurely terminated due to no
convergence of the solution.

5. Conclusions

The stability of a thin-walled laminate angle under axial compression was
analysed numerically. Numerical simulations were performed by the finite element
method using the Abaqus software. Two materials were tested: unidirectional flax
fibre epoxy prepreg and unidirectional glass fibre epoxy prepreg. The first and
second local eigenmodes of the structure were analysed. Five different configura-
tions of unidirectional prepreg fibres were tested. The influence of flange width
and column length on the stability of the system was determined. A column with a
flange width ranging from 20 mm to 60 mm was tested. The length of the column
under study ranged from 200 mm to 400 mm.

Detailed numerical analyses showed that the short flax laminate angles under
compression were sensitive to the angle of reinforcing fibre arrangement. It was
found that the lowest bifurcation load value decreased with an increase in the flange
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width for all tested cases. A similar behaviour was observed for the second eigen-
mode with a small column width, while starting with 40mm the effect of width
change was less and less significant. A similar phenomenon was also observed for
the glass fibre laminate. Reducing the flange width by 100% (for both materials)
resulted in a significant increase (up to 45%) in the bifurcation load (for the first
and second modes). However, increasing the flange width by 100% did not have
an opposite effect (max to —20%). The flax laminate showed a lower sensitivity to
the flange width change for the same configuration of fibre arrangement. This ob-
servation was made for all tested configurations, except for C5 where no difference
was observed between the results of both materials.

After that, it was determined how the bifurcation loads depended on the column
length (in the range of 200—400 mm) when the flange width value was maintained
constant. The greatest changes in the bifurcation loads for all configurations were
obtained for the second eigenmode (up to 54% for L1). In the almost every tested
variant, the flax laminate showed a greater sensitivity to the column length change
than the glass laminate. The C5 configuration was the only one with a slightly
different result. Nevertheless, a decrease in the sample length by 100 mm generally
caused a greater change in the bifurcation load than increasing the column length
to 400 mm.

A comparison of the similar C1 and C3 configurations revealed that for a
column length of 300 mm, a reduction in the flange width resulted in a smaller
discrepancy between the results (for both modes and materials). As a result of
changing the angle of the fibres in one ply from +60° to —60°, the C3 configuration
exhibited a higher stiffness than the C1 configuration. However, the flax laminate
showed a greater sensitivity to the change in the C1/C3 configuration. Similar results
were obtained as for the C2 and C4 configurations. For the C5/C1 configurations
(with L = 300 mm), an increase in the stiffness of up to 87% (flax) and 81%
(glass) was obtained for the lowest flange width (W1M1). As the width decreased,
the effect decreased. It was observed that the second eigenvalue was the most
considerably affected by the column width change for those configurations. The
difference in the results between W1-W5 was 72% and 65% for the flax and the
glass laminate, respectively. The results of the column with a fixed width (40 mm)
demonstrated that an increase in the column length resulted in reduced bifurcation
loads. A comparison of the C3/C1 and C4/C2 configurations showed that the
eigenvalues moved away from each other with increasing column length. Thus, the
effect of the configuration type became more and more visible. Furthermore, the
flax laminate was more sensitive to the change in the system configuration than
the glass laminate (by 2-5%). A comparison of the C5/C1 configurations showed
that the material type had hardly any effect on the relative error value obtained
for those configurations. The C5 configuration showed the highest stiffness of all
tested systems.

An analysis of the obtained results in terms of proximity between the first
two modes demonstrated that the C5 configuration showed the lowest resistance,
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as the difference in the eigenvalues ranged between 7 and 16%. Moreover, the
change in the column length and width had no effect on the obtained percentage
differences between the adjacent modes (M1 and M2). Regarding the remaining
configurations (C1-C4), as the flange width increased, the proximity between the
eigenvalues became more and more diverged (up to 55%), while an opposite effect
was observed when the column length was increased. Furthermore, a slightly higher
discrepancy between the neighbouring eigenvalues was observed for the natural
material.

After that, the post-buckling behaviour of selected columns (made of flax and
glass prepregs) was investigated. Nonlinear buckling problems were also solved
using FEM. It was tested how the length of the column affects the post-buckling
behaviour of the system with the same configuration and flange width (C5, W3).
A similar behaviour was observed for both tested materials, i.e., the longer samples
showed a greater shortening than the shorter ones. Additionally, the columns with
the C1 configuration and a constant length (L.3) and variable flange width were
tested. The columns with wider flanges showed a greater stiffness in the post-
buckling range (for both materials).

Considering the results, it can be concluded that the laminate fibre arrangement
has a significant impact on the characteristics of an L-profile column. The behaviour
of the column also depends on the material type. Therefore, when choosing ma-
terial, it is worth considering the natural material as it shows a similar behaviour
as the glass fibre material, but has a much more favourable impact on the environ-
ment. The results of this study will serve as a basis for further research in which a
nonlinear range will be investigated. Further studies will also involve conducting
experiments on real bio-laminate angle columns.
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