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Abstract: This paper presents a comparative analysis to investigate the effect of laminate stacking sequences with different couplings
subjected to axial loading. The objective of this paper is also to demonstrate the effect of the various coupling stiffnesses on the stability
behavior of laminated profiles. Five configurations with the same number of layers were selected. Based on Classical Laminate Theory
(CLT), the complex effects of coupling that can occur in laminates were assessed. Their influence on the buckling mode and post-buckling
behavior of the tested profiles was also assessed. By selecting these standard ply orientations, the study establishes a direct experimental
comparison to assess the effect of Bending-Twisting (B-T) coupling and Extension-Shearing Bending-Twisting (E-S, B-T) coupling
on buckling behavior of simply supported and axially compressed laminated profiles. The results enable correlation between laminate
coupling coefficients and the observed buckling modes obtained from digital image correlation system and axial stiffness of Q- and Z-profiles.
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1. INTRODUCTION

Composite materials have attracted considerable attention in
recent decades due to their outstanding specific stiffness, strength,
and the possibility of tailoring mechanical properties through pre-
cise control of the stacking sequence. They are widely utilized in
aero-space [1], automotive, marine, civil [2], and biomedical engi-
neering applications [3-6], where lightweight and high-performance
structures are required. In laminated fiber-reinforced composites,
the arrangement and orientation of individual plies play a decisive
role in determining not only the overall stiffness but also the pres-
ence of coupling effects between different deformation modes.
Such couplings arising from specific combinations of off-axis layers
can significantly influence the global and local stability behavior of
thin-walled composite components.

The present paper serves as a continuation and complement to
the study presented in [7], as well as an introduction to a series of
forthcoming papers (which are under review) related to the investi-
gation of the behavior of thin-walled composite structures exhibiting
various types of mechanical couplings under axial compression,
both at room temperature and under elevated or reduced thermal
conditions.

A considerable amount of research has addressed the buckling
and post-buckling response of thin-walled composite members with
different cross-section shapes [8-10]. Nevertheless, most of these
works concentrated mainly on local stability assessment, while the
influence of laminate coupling effects was not comprehensively an-
alysed.

In the literature, the most frequently encountered stacking con-
figurations are the standard symmetric angle-ply laminates, i.e.
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+45°,0°, and 90°. Symmetric stacking sequences are widely used
in composite laminate design practice, primarily because they en-
sure that the laminate remains flat and free from distortion after
high-temperature curing [11].

Asymmetric laminates, on the other hand, are often associated
with configurations that undergo significant deformation after curing
at high temperatures or are frequently (and incorrectly) used to de-
scribe such behavior [12]. However, as demonstrated in previous
studies [13], asymmetric stacking sequences can provide the same
thermo-mechanical properties as their symmetric counterparts
while belonging to a much broader and largely unexplored design
space.

It should be emphasized that numerous investigations dealing
with the flexural response of composite laminates, including buck-
ling and post-buckling analyses, commonly employ Bending—Twist-
ing coupled configurations as reference cases. Nevertheless, only
a limited number of studies explicitly address the influence of this
coupling effect. The omission of Bending—Twisting interactions is
often justified by assuming that their impact becomes negligible in
laminates composed of many plies. In reality, however, for thin-
walled laminates, the buckling performance is significantly affected
by such couplings — neglecting them leads to an overestimation of
the compressive buckling load, which may result in non-conserva-
tive design predictions.

While the Bending—Twisting interaction has been relatively well
recognized, considerably less attention has been devoted to an-
other class of mechanical coupling — the Extension-Shearing cou-
pling. In balanced stacking sequences, this effect is typically sup-
pressed by arranging matching pairs of angle-ply layers [14]. Nev-
ertheless, Ch. York in paper [15] presented details of the develop-
ment of a special class of laminate, possessing Extension-Shearing


https://orcid.org/0000-0002-3007-1462

DOI 10.2478/ama-2025-0089

Bending-Twisting coupling, necessary for optimized passive-adap-
tive flexible wing-box structures. However, still many scientific con-
siderations are not experimentally confirmed, which fills the re-
search gap in this topic.

What is more, by intentionally selecting specific configurations,
it is possible to activate and examine the impact of both Bending—
Twisting and Extension-Shearing couplings under axial compres-
sion conditions. The chosen and presented in current paper layouts
allows for the evaluation of potential mechanical couplings (e.g.,
Bending-Twisting, Extension-Shearing) under axial compression
conditions of composite profiles including experimental tests.

2. MATERIAL AND METHOD

Laminated composite materials exhibit characteristic re-
sponses to mechanical and thermal loading, governed by their in-
trinsic coupling behavior. Equation (1) describes well- known ABD
relation, according to the classical lamination theory [12,16]:

N _[A Bjfe

=[5 olld ()
where: N and M —internal forces and moments; € and the mid-plane
K — strains and curvatures of the laminate respectively; A,B,D —are
the stiffness matrices: extensional [A], coupling [B] and bending [D].

The elements of the stiffness matrices can be calculated from
below equations:

Ajj = Xi=1 Qi (2 — 2-1)
Bij = Xpo1 Qi (22 —z2_1)/2
Dii = 22:1 le} (Zlf - Z;:z_l)/3 2)

in which the summations extend over all n plies; Q' are the trans-
formed reduced stiffnesses (i, j = 1, 2, 6) and z represents the dis-
tance of the kt ply from the laminate mid-plane

The behavior of couplings type considered in this study are
summarized in Fig.1. In all analyzed configurations, the coupling
between in-plane (membrane) and out-of-plane (bending or flex-
ural) responses—and thus thermal warping distortions—is elimi-
nated, as Bj = 0 (or B16=B26=0) in Eq. (1). Nevertheless, coupling
between in-plane shear and extension may occur when A1 = Az #
0, and/or bending—twisting coupling appears when D1 = D2s # 0.
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Fig. 1. Coupling responses, in relation to the cases under consideration,
for due to free thermal contraction, for laminates with: a) Shearing
-Extension and Bending-Twisting (E-S; B-T laminate), b) Bending-
Twisting coupling (B-T laminate) [17]

Figure 2 present a of comprehensive set of deformation hypoth-
eses from Classical Laminate Theory (CLT) leading to the force-
strain-curvature and moment-strain-curvature relations, where the
Aj, Bjand Dj are labeled. There A1s and Azs represent shear-exten-
sion coupling, Bj represent coupling between bending and exten-
sion, D1s and D26 represent bending-twisting coupling.

Shear-Extension coupling Bending-Extension coupling
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Fig. 2. Physical significance of stiffness terms in force and moment
resultants

To investigate the influence of laminate coupling on the com-
pressive stability of thin-walled composite Q- and Z-profiles, a se-
ries of quasi-symmetric laminates with graded fibre orientations
was manufactured (Fig.8) and tested. Five nominally symmetric
stacking sequences were designed:  [0/30/45/60/90]s,
[90/60/45/30/0]s,  [90/0/0/45/-45]s,  [45/-45/0/0/90]s  and
[0/0/45/-45/90]s (Tab. 1).

Tab. 1. Considered layer layouts with type of mechanical couplings

Subscript Coupling

No. Sequences ESnlgtla:;%g 4) type
[14]

L1 [0730/45/60/90]s ArBoDr S-E T-B
L2 [90/60/45/30/0]s ArBoDr S-E,T-B
L3 [90/0/0/45/-45]s AsBoDr 1B
L4 [45/-45/0/0/90]s AsBoDr 1B
L5 [0/0/45/-45/90]s AsBoDr 1B

Although these laminates are denoted with the symmetry sub-
script “s”, their angular gradation or asymmetrical ply combinations
introduce measurable coupling effects that deviate from ideal sym-
metry. We can observe this phenomenon when we will made cal-
culations of the ABD matrix components (Eq. 3-7). All calculations

805



Katarzyna Falkowicz

DOI 10.2478/ama-2025-0089

Influence of Extension-Shearing Bending-Twisting and Bending-Twisting Coupling on the Buckling Behaviour of Composite Profiles

were performed using the own algorithm based on the standard
equations. Indeed, most fully uncoupled laminates are non-sym-
metric by nature. Calculations of ABD matrix were performed for a
carbon-fibre epoxy material with Young’s moduli E+=118.32 GPa,
E»=8.34 GPa, shear modulus G1=4.6 GPa and Poisson’s ratio
v12=0.31, thickness t=0.1mm(10x0.1=1mm) [18,19].
Laminate 1

The Eq. (3) present the ABD matrix for Laminate 1, with axis
aligned properties, represents S-E, T-B coupling. By inspection, At
= A, and by calculation, Aes = (A11— A12)/2 = 17.59 N/mm, reveal-
ing that the laminate possesses in-plane isotropic properties.

Ny 50772 15593 15.126 0 0 0 76
Ny 15593 50.772 15126 0 0 0 [fy]
Ney | _|15.126 15.126 17.590 0 0 0 Yay
M, (7] o0 0 0 7181 1.118 1.279])| ¥«
M, 0 0 0 1118 1.645 0.829]] &y
M 0 0 0 1279 0.829 1.284] \Kyy

xy

(3)

The laminate [0/30/45/60/90]s exhibits a monotonic fibre angle
progression producing non-zero D;¢ and D, terms, while main-
taining approximate bending symmetry.

The [0/30/45/60/90]s laminate represents a graded-angle
quasi-symmetric configuration designed to introduce controlled
coupling through a gradual fibre orientation transition across the
thickness.

Such graded laminates are commonly employed in aeroelastic
tailoring, where fibre orientation gradients enable directional stiff-
ness tuning and load redistribution without compromising bending
symmetry.

The configuration was chosen to explore the influence of pro-
gressive angular transitions on the compressive stability of Z- and
Q-section profiles.

Laminate 2

The Eq. (4) present the ABD matrix for Laminate 2, with axis
aligned properties, represents S-E, T-B coupling. By inspection, A11
= Az, and by calculation, Ags = (A11 - A12)/2 = 17.59 N/mm, reveal-
ing that the laminate possesses in-plane isotropic properties.

(Nx] 50.769 15594 15126 0 0 0 (&
Ny 5594 50769 15.126 0 0 0 (Ey]
Nyy | _|15.126 15.126 17.587 0 0 0 Yxy
M, (7] o0 0 0 1.644 1.118 0.829])| X«
M, | 0 0 0 1118 7.181 1.279“Ky}
M, 0 0 0 0829 1279 1.284] \kyy

()

The [90/60/45/30/0]s laminate is the reversed counterpart of the
graded configuration [0/30/45/60/90]s, arranged in an opposite an-
gular order.

This design allows assessment of how the direction of fibre an-
gle progression affects laminate coupling and the resulting asym-
metry in bending and twisting responses.

The reverse orientation swaps the values of the coupling coef-
ficients D, and Dy, and D11 and D22.

Laminate 3

The Eq. (5) present the ABD matrix for Laminate 3, with axis

aligned properties, represents T-B coupling.
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The [90/0/0/45/-45]s laminate serves as a quasi-isotropic
baseline configuration.

This sequence minimizes coupling effects and serves as a con-
trol case for evaluating the influence of angular asymmetry in other
laminates.

Laminate 4

The Eq. (6) present the ABD matrix for Laminate 5, with axis

aligned properties, represents T-B coupling.

Nx
Ny
Ny,
Mx
M,
My,
64.440 12.996 0 0 0 0 &
12.996 42.294 0 0 0 0 &y
_ 0 0 14.989 0 0 0 Yxy
- 0 0 0 4539 1914 0.443|] *x
0 0 0 1914 2.693 0.443]| Ky
0 0 0 0.443 0.443 2.0811 \Kxy

(6)

The stacking sequence [45/-45/0/0/90]s was selected as a
quasi-symmetric laminate containing a double 0° sublaminate.

Although its structure superficially resembles a pseudo double-
double configuration, it does not satisfy the formal definition pro-
posed by [20] in which a double—-double laminate consists exclu-
sively of two distinct non-opposite angles arranged in balanced +6,
and %8, pairs.

In contrast, the present [45/-45/0/0/90]s laminate includes both
+45° off-axis plies and a double 0° core, resulting in full geometric
symmetry ([B] = 0) while maintaining enhanced axial stiffness and
partial in-plane balance.

Such configurations are commonly referred to in literature as
quasi-symmetric laminates with double [21,22] and are often used
to replicate the mechanical behaviour of double-double systems
without introducing additional manufacturing complexity.

The inclusion of two consecutive 0° plies was intended to rein-
force the longitudinal stiffness of the profile, providing improved
compressive strength while preserving the symmetric response un-
der axial loading.

Laminate 5

The Eq. (7) present the ABD matrix for Laminate 6, with axis

aligned properties, represents T-B coupling.
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The [0/0/45/-45/90]s laminate serves as a quasi-isotropic
baseline configuration.

This sequence minimizes coupling effects and serves as a con-
trol case for evaluating the influence of angular asymmetry in other
laminates.

According to the results presented in the case study, changing
the lamina orientations while maintaining equal angles between the
adjacent plies, means to obtain different [B] and [D] matrices, but
same [A] matrix.

3. DISCUSSION

Nemeth's research demonstrated that the interaction between
bending and twisting deformations, described by the D, and D¢
terms, plays a crucial role in determining the buckling response of
composite laminates [23]. An increase in bending—twisting anisot-
ropy, especially for laminates exhibiting higher D, ¢ values, leads to
the appearance of inclined or spiral-shaped buckling modes. The
corresponding magnitudes of the D16 and D¢ coefficients are il-
lustrated in Figure 3, while Figure 4 additionally presents the A;¢
and A, terms, which are associated with in-plane shear-extension
coupling. To evaluate the overall anisotropic behaviour and its ef-
fect on structural stability, Nemeth introduced three flexural anisot-
ropy parameters: B, d and vy, (Eq. 8-10) derived from the D44 and
D¢ coupling components. [ and y describe the global bending an-
isotropy (the ratio of stiffnesses in the principal directions), & de-
scribes the bending-twisting coupling intensity. The computed val-
ues of these parameters for the laminates examined in this study
are provided in Figures 5-7. According to Nemeth, an increase in
the O parameter corresponds to a stronger degree of coupling,
which is directly linked to departures from classical buckling shapes
and the emergence of more complex deformation modes.

B — D12+2+Dgg (8)
2/D11#Dz;

D16
Y=/7—= (9)
4, D3;*D2;

5= —26 (10)
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Fig. 3. The coefficients D1 and Das value for all considered configurations
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Fig. 4. Effects of mechanical couplings on the coefficients A1s and Az
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Fig. 7. Value of nondimensional flexural anisotropy parameter 6 for all
considered configurations

To investigate the influence of the selected stacking se-
quences, which include identified mechanical couplings, on the be-
haviour of typical composite profiles, specimens with omega-
shaped and Z-shaped cross-sections were manufactured. Figure 8
presents the fabricated profiles together with their corresponding
cross-sectional dimensions. The total profile height was H = 150
mm. The experimental setup is shown in Figure 9. All tests were
conducted using a universal testing machine (MTS 809) integrated
with the ARAMIS digital image correlation (DIC) system. More in-
formation about performed experimental test presented in [7]. Fig-
ures 10 and 11 illustrate the buckling modes observed for the tested
specimens, accompanied by the corresponding deformation maps
obtained from the ARAMIS system. In table 2 values for critical
forces were compiled. The graphs shown in Figures 12 and 13 pre-
sent the post-buckling equilibrium paths, recorded directly by the
testing machine during the experiments.

- 12,5 =
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Fibre orientation

0°ply Laminate stacking
[45/-45/0/0/90]s
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Fig. 8. Manufacture samples: a) Q-section profile, b) Z-section profile,
c) the example of cross-section of chosen configuration
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Fig. 10. Experimental buckling mode (with DIC maps) for Z-cross section
profiles: a) L1, b) L2, ¢) L3, d) L4, e) L5

Fig. 11. Experimental buckling mode (with DIC maps) for omega cross
section profiles: a) L1, b) L2, ¢) L3, d) L4, e) L5

According to Nemeth, an increase in the & parameter corre-
sponds to a greater degree of coupling, which is directly related to
the departure from classical buckling shapes and the emergence of
more complex deformation modes. According to Nemeth The 9 pa-
rameter governs the rotation of the principal curvature axes and

acta mechanica et automatica, vol.19 no.4 (2025)

determines whether the plate buckles in a symmetric or inclined
mode. However, looking at the obtained buckling modes and the
increase in the & and y parameters, the most complex buckling
mode is assumed by Laminate 1 and 2. Nevertheless, for L1 pa-
rameters 0 is the highest - the greatest bending-twisting coupling,
which perfectly explains the oblique and spiral buckling modes (Fig.
10 a)). For L2 the coupling effect a little disappears, resulting in a
more symmetrical mode (in Z-cross section). It is worth noting here
that the L2 system is a mirror layouts of the L1 layouts and this
change is clearly visible in Fig. 6 and Fig. 7 when changing the y
and & parameters. For L3 no coupling, pure buckling mode and for
L4, L5 slight coupling, i.e. quasi-symmetric systems.

Tab. 2. Buckling load value

No. laminate Bucklin load [N] | Bucklin load [N]
for Q-section for Z-section
L1 8299.5 3301.6
L2 7832.5 3386.6
L3 10217 3352.3
L4 11953 5326.2
L5 8020.2 3386.0
—L1 MTS ——L2 MTS —=——L3 MTS L4 MTS ——L5 MTS
16000
14000
12000
10000
% 8000
. 6000
4000
2000 —
° 0 0.2 04 0.6 08 1 1.2 1.4 16 18

SHORTERING [MM]

Fig. 12. Experimental postbuckling equilibrium paths of Z-section profile
for all cases

The introduction of combined couplings did not increase the in-
itial buckling load - in fact, the coupled layups often buckled at
slightly lower loads than a stiff, uncoupled design. For example, the
Q-profile with combined coupling (L1) had ~20% lower buckling
load than a quasi-isotropic baseline laminate (L3), illustrating the
trade-off for coupling-induced anisotropy. However, the key benefit
of combining B-T and E-S couplings was observed in the post-
buckling regime. These laminates showed the greatest post-buck-
ling rigidity, meaning that after initial buckling they carried additional
load with only small deflection increases. In practical terms, the
coupled profiles exhibited a more stable post-buckling response -
instead of a dramatic drop in load capacity after buckling, the load-
deflection curve was nearly flat or rising, indicating the structure can
sustain higher loads beyond buckling. The combined coupling sce-
nario suggests a deliberate design strategy for thin-walled compo-
sites: one can allow an early, benign buckling at a lower load in
exchange for a higher reserve strength afterward.

Overall, the laminate characterized by combined bending—
twisting and extension—shearing couplings (D16, D26, A16, Aze #
0) exhibited the greatest post-buckling rigidity, making it the most
significant configuration among the analysed cases.
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Fig. 13. Experimental postbuckling equilibrium paths of Q-section profile
for all cases

4. SUMMARY AND SCIENTIFIC SIGNIFICANCE

By selecting these particular layups, the study establishes a di-
rect experimental comparison between Bending-Twisting coupling
and Extension-Shearing Bending-Twisting coupling on buckling be-
havior of simply supported compressed laminated profiles. The re-
sults enable correlation between laminate coupling coefficients
(A16, Azs, D16, D26) and the observed buckling modes and axial
stiffness of Q- and Z-profiles.

According to the results presented in the case study, changing
the lamina orientations while maintaining equal angles between the
adjacent plies, means to obtain different [D] matrices, but same [A]
matrix. Moreover, the stacking sequence has a great influence on
strain and stress distributions, as well as on buckling mode and crit-
ical load value.

Bending—Twisting (B-T) as well as Bending-Twisting (B-T)
and Extension — Shearing (E-S) combination of coupling was found
to have a significant impact on the buckling behaviour of the ana-
lysed laminates. The presence of this coupling favoured deviations
from classical buckling modes - for larger values of D;¢ and Dyg,
unusual, oblique, or torsional buckling modes appeared. Inthe case
of simultaneous occurrence of both couplings (B-T and E-S), a sig-
nificant improvement in the stability characteristics of the structure
was observed- higher reserve strength afterward.

The obtained results have significant implications for the design
of thin-walled composite structures. Neglecting mechanical cou-
plings (especially the bending-twisting effect) in stability analyses
can lead to a non-conservative overestimation of the critical load.
From a design perspective, it is therefore advisable to consider the
influence of B-T couplings (and, if necessary, E-S couplings) when
selecting the laminate ply configuration. Furthermore, conscious
gradation of fiber orientation allows for the introduction of controlled
couplings, which — as has been shown — can increase the stiffness
and load-bearing capacity of a structure after buckling without sig-
nificantly reducing the critical load. The skillful use of mechanical
couplings therefore offers a promising avenue for optimizing struc-
tures for stability and material efficiency.

The presented results demonstrate that bending—twisting and
extension—shear couplings can be deliberately exploited in the de-
sign of thin-walled composite structures to tailor their stability re-
sponse, what can have a bearing under variable thermal conditions.
Such couplings offer a promising passive mechanism for load
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redistribution, post-buckling control, and enhanced load-carrying
capacity in advanced lightweight engineering applications.

This study builds upon the work of Ch. York [15,24,25]by
providing experimental verification of selected laminate configura-
tions. More importantly, it serves as an introduction to further inves-
tigations into the influence of specific mechanical couplings on the
buckling and post-buckling behavior of composite profiles, as well
as their stability performance under varying thermal conditions.

Furthermore, the results demonstrate that even seemingly sym-
metric configurations may exhibit coupling effects, since most fully
uncoupled laminates are inherently non-symmetric. These residual
couplings can still influence the buckling response to varying de-
grees. Nevertheless, more complex coupling effects are typically
associated with intentionally non-symmetric layups, some of which
were partially tested during the Bekker Fellowship and will be dis-
cussed in future publications.
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