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A B S T R A C T

An intrinsic characteristic of components manufactured by the filament winding process is a winding pattern
formation during the processing. This paper aims at unlocking and understanding how the winding pattern
influences the mechanical behaviour of filament wound cylinders under different boundary conditions. To
realize this, a series of finite element models followed by an original geometric approach to generate the
pattern are herein developed. Four different patterns and six different winding angles are modelled. These are
also modelled by varying the number of layers towards understanding whether there is a correlation between
the pattern and the number of layers or not. Three loading cases are considered: axial compression, pure
torsion, and internal pressure. Key results reveal that the more layers are stacked to the cylinder, the less
impactful is the winding pattern to all loading cases herein investigated.
1. Introduction

In the filament winding (FW) process, when considering helical
and polar winding trajectories, continuous fibres are wound around
a rotative mandrel from one end – half cycle – to the other – full
cycle. The filament angle inverts when changing from forward to
backward movement, producing interlaced layers [1]. This winding
angle, 𝛼, is defined by the ratio between the deposited tow and the
longitudinal axis of the mandrel [2]. As usual for laminated compos-
ites with continuous fibres, the mechanical behaviour of a filament
wound structure is strongly dependent on the winding angle given the
anisotropy of the fibres [3–9]. The combination of rotational and axial
movements along with the continuity of the manufacturing process
create a repetitive pattern, leading to a mosaic arrangement of diamond
shapes on the surface [10–12]. The number of diamond shapes along
the circumferential direction is an integer number referred to as the
winding pattern (WP) [2,10,11,13]. The influence of the WP on the

echanical behaviour of filament wound components is still not fully
omprehended. Table 1 reports the state of the art on this subject.

Filament wound cylinders under axial compression were experimen-
ally tested by Claus [14] wherein he observed that diamond shape
engths matching buckling modes should be avoided since they create
egions more susceptible to this failure mode. Despite following this
bservation for the buckling behaviour, Hahn et al. [15] concluded that

∗ Corresponding author.
E-mail address: humberto.almeida@qub.ac.uk (J.H.S. Almeida Jr.).

the WP has no correlation with the axial stiffness of the cylinders in ax-
ial compression. In their experiments, Azevedo et al. [11] included the
ageing effect with distilled and seawater, observing a slight influence in
axial stiffness, but more pronounced in strength limits. In the numerical
field, Guo et al. [20] reported a difference of 4% in strength when
changing the WP from 4 to 10. Also considering failure by buckling,
external pressure models were elaborated by Guo et al. [20], which
reported a difference of around 1% with the same 4–10 pattern range.
Moreno et al. [17] conducted experimental tests, and could not observe
differences in the structure’s strength. Morozov [10] and Mian [18]
carried out numerical models simulating internal pressure, both having
a single-layer filament wound cylinder, and reported a difference of
more than 30% in developed stresses within the considered pattern
range. On the experimental field, Rousseau et al. [16] measured a much
lower influence of the pattern on the strength and a negligible influence
on the stiffness. Regarding axial tension, different WP were tested by
Rousseau [16] and Wen et al. [19]. Despite the high standard devia-
tions, both works showed a decrease in strength as the WP increased.
Regarding axial stiffness, the WP showed a negligible effect.

More recent works addressed the WP role in mechanical behaviour,
aiming at a more challenging boundary condition [13,21–23]. Radial
compression tests demand more degrees of freedom to be controlled,
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Table 1
State-of-the-art on winding patterns effects on filament wound cylinders depicting the load case, approach, number of layers 𝑁 , 𝑊𝑃 investigated, and the output. The symbol ‘‘✓’’
means influential, whereas the symbol ‘‘✗’’ means negligible influence.

Author(s) Load case Approach N WP Stiffness Stress/Strength

Claus (1992) [14] Axial compressiona Experimental – – ✓ ✓

Hahn et al. (1994) [15] Axial compressiona Experimental 1 1–26 ✗ ✓

Rousseau (1999) [16] Axial tension Experimental 6 2–11 ✗ ✓

Internal pressure Experimental 6 2–11 – ✓

Morozov (2006) [10] Internal pressure Numerical 1 2–8 – ✓

Moreno et al. (2008) [17] External pressurea Experimental 7 1–5 – ✗

Mian et al. (2011) [18] Internal pressure Numerical 1 2–8 – ✓

Wen et al. (2013) [19] Axial tension Experimental 7 1–5 – ✓

Azevedo et al. (2020) [11] Axial compressiona Experimental 1 1–5 ✓ ✓

Guo et al. (2020) [20] Axial compressiona Numerical 7 4–10 – ✓

External pressurea Numerical 7 4–10 – ✓

Lisbôa (2020) [13] Radial compression Experimental 1 1–10 ✗ ✓

Stabla et al. (2021) [21] Radial compression Numerical 1 2–7 ✓ ✓

Stabla et al. (2022) [22] Radial compression Experimental 1 1–3 ✓ –
Lisbôa et al. (2022) [23] Radial compression Numerical 1 1–3 – ✓

aBuckling failure mode
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and numerical models might require incorporating nonlinear displace-
ment hypotheses. With respect to strength, Stabla et al. [21] found di-
vergences between numerical and experimental responses. The authors
attributed them to differences in thickness and degrees of coverage
among the specimens. A wider WP range was experimentally investi-
gated by Lisbôa et al. [13], where samples with higher WP showed
more strength and negligible deviations in stiffness. Stabla et al. [22]
investigated both WP and 𝛼, and they found out that the influence of
the WP on stiffness changes according to 𝛼.

The strategy commonly adopted in numerical works herein reported
onsists in dividing the cylinders into triangular mosaic shapes, at-
ributing −𝛼 and +𝛼 angles to each mosaic. Shell elements are used
o build different laminates for each stacking sequence, leading to an
brupt change in material properties when crossing the periphery of
hese mosaic shapes. This procedure is straightforward for a single-
ayer cylinder, but its complexity harshly increases when dealing with
ulti-layered structures, where the intersection of the mosaic shapes of

very layer must be taken into account to build laminates with correct
tacking sequences over the entire length. Despite the different conclu-
ions in the works mentioned above, it has been numerically shown and
hrough digital image correlation (DIC) [24] that stress concentrations
ccur in this periphery and in the interweaving regions (regions where
𝛼 and +𝛼 plies cross themselves), leading to potential failure [25].
owever, by adding more layers, the pattern effect reduces [10].

From the state-of-the-art presented in Table 1, it is yet to be under-
tood whether the WP influences or not the performance of composite
ylinders under certain loading conditions. Moreover, no study reports
correlation among the WP, the winding angle, and the number of

ayers. Experimentally speaking, it is challenging to observe that
nfluence since, when they are varied, other parameters (e.g., degree of
overage, fibre compaction) also change, and these variations disturb
he pattern analysis. Analogously, in the numerical field, it is necessary
o control as many parameters as possible related to geometry gener-
tion, including mesh effects, initial winding angles, and symmetries,
o mitigate their effect on the analysis and focus solely on the pattern
nfluence.

This paper then focuses on developing a series of finite element
FE) models to unveil the influence of the winding pattern on the
echanical performance of filament-wound composite cylinders under

xial compression, external pressure, and pure torsion loading cases.
urthermore, the effect of stacking layers and the winding angle are
lso investigated to quantify the contribution of the WP and how

they correlate. A detailed description of the geometrical approach to

constructing the winding pattern is also presented in detail. s

2

2. The finite element modelling

2.1. The winding pattern generation

A geometric approach was developed to construct the pattern onto
the cylinder [23]. This is then implemented into Ansys Parametric
Design Language (APDL) [26]. A key advantage of this tool is that the
mesh can be coupled with the geometric entities, making the procedure
‘‘mesh independent’’, i.e., the refinement of the mesh has no influence
on the pattern regions.

The WP is a diamond-shaped structure that occurs on the peripheric
surface of the cylinder due to the kinematics of the process. Fig. 1
presents schematic views of the WP, highlighting its regions: regular
laminate (RL), circular cross-over (CCO or zig-zag), and helical cross-
over (HCO) [2]. The RL defines the region where no interweaving is
observable. The CCO region and HCO are areas where interweaving
takes place. Here, the zig-zag line in the CCO region, depicted in
Fig. 1(a), is simplified by a straight line, illustrated by the dashed line
in the central diamond. Also, the stacking configuration of a double
layer is illustrated in Figs. 1(b), while at the bottom part is a photo
of the periphery of a filament wound cylinder. The sector and the
height define the diamond size in the circumferential (𝜃) and axial (z)
irections, respectively.

Fig. 2 schematically describes the procedure of constructing a multi-
ayered geometry. Initially, an algorithm for developing the WP in one
ouble layer is derived. This algorithm constructs the diamond-shaped
tructures around the reference cylinder (dimensions of the mandrel)
aking into account the WP and 𝛼 [13,23]. With the first, the sector
circumferential direction) of each diamond is defined whereas with
he second its height (axial direction) is determined. The resultant
eometric model for a double layer is shown in Fig. 2(a) for three
ifferent examples: (top) WP=1 and 𝛼1 = 60◦; (middle) WP=4 and
2 = 45◦; and (bottom) WP=5 and 𝛼3 = 15◦.

For the construction of the multi-layered geometric model, Boolean
perations over the areas of each double layer are applied. These
perations are simply multiple area intersection procedures in which
he proper stacking configuration is sought. The first layer (top) is
elected as a base for each stacking, and the intersections with the
econd layer (middle) are verified. The resultant generates 4 different
tacking configurations. This new cylinder is then taken as a base and
ew Boolean operations are performed with the third layer (bottom),
esulting in 8 different configurations. The number of different stacking
s 2𝑁 , where 𝑁 defines the number of layers. The operations must
ollow a sequential way, similar to the manufacturing process, thus the
rocedure produces proper stacking.

Despite not being a restriction of the modelling approach, for the

ake of simplicity, an anti-symmetric plane is constructed: in Fig. 2,
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Fig. 1. (a) Scheme of the regions of a WP highlighting a single diamond in the centre. (b) Representation of the stacking and (c) a photo of the peripheral surface of a filament
ound cylinder.
Fig. 2. Example of construction of a multi-layered cylinder considering the WP information of each layer. On the left, light blue and purple are
[

±𝛼𝑖
]

and
[

∓𝛼𝑖
]

layers, respectively.
rom the top to bottom, the cylinders have (top) WP=1 and 𝛼1 = 60◦; (mid) WP=4 and 𝛼2 = 45◦; and (bottom) WP=5 and 𝛼3 = 15◦. On the right, are the three double-layered
ylinders with 8 different stacking configurations.
s
n
w
r

ne can observe an ‘‘inverse’’ stacking from the middle of the cylinder.
his position is then considered as 𝑧 = 0. Moreover, a reference angle 𝜙

s defined for each double layer. This angle simply determines a shift on
he first sector to be constructed, so that identical angles and patterns
ould be developed without the diamonds-shaped structure falling one
ver another. More examples are shown in Section 3.

The FE mesh is populated with shell elements. In order to avoid any
ind of forces being applied away from the mid-surface, the reference
3

urface (the mandrel) is offset to the mid-surface, considering the thick-
ess of each layer. The scheme of the cross-section is shown in Fig. 3,
here 𝑅𝑖, 𝑅𝑚𝑠, and 𝑅𝑜 correspond to inner, mid-section, and outer radii,

espectively, while 𝐿 defines the cylinder length. Both global (𝑟, 𝜃, 𝑧)
and local (1, 2, 3) coordinate systems are also illustrated in Fig. 3. The
local coordinates follow the fibre direction: 1 is tangent to the fibre
(direction of 𝛼); 2 is perpendicular to 1 and in the tangent plane of the
cylinder outer surface, and 3 is parallel to the aforementioned plane.
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Fig. 3. Scheme of the cross-section of the cylinder.

.2. The input parameters

Typical elastic properties of a carbon fibre-reinforced polymer com-
osite are adopted for all the analyses. The longitudinal (𝐸1) and

transverse (𝐸2) elastic moduli are 139.90 GPa and 8.52 GPa, respec-
tively. Both the in-plane (𝐺12) and out-of-plane shear (𝐺13) moduli
are 4.26 GPa, and the in-plane (𝜈12) and out-of-plane (𝜈13) Poisson
ratios are 0.26. Since out-of-plane properties are of minor importance
in the present work, they are assumed equal to their equivalent in-plane
value. Regarding geometrical parameters, 𝐿 and 𝑅𝑖 are constant, being,
espectively, 240 mm and 68 mm, while 𝑅𝑚𝑠 and 𝑅𝑜 are dependent

on the total number of layers 𝑁 , where each layer consists of a
orward stroke followed by a backward stroke. Hence, the thickness,
, is evaluated through

= 2ℎ𝑁 (1)

where ℎ is the tow thickness, herein considered 0.25 mm, i.e., the
total thickness of each double layer is 0.5 mm. Both 𝐿 and 𝑅𝑖 are
carefully chosen to avoid intersection between the diamond-mosaic
shapes close to the cylinder edges, so as to circumvent any excessive
element distortions that might occur in this region. The reference angle,
𝜙, of the 𝑖th layer is computed through

𝜙𝑖 = (𝑖 − 1) 360
◦

𝑁
[deg]. (2)

hich means that for most of the cases herein evaluated the pattern
s equally distributed around the surface of the mandrel. This should
e considered as a simplification of the problem in analysis: with this
rrangement, it is easy to track any influence/modification that is due
o the pattern.

To investigate the cross-influence of WP and N in the mechanical
ehaviour of the cylinders, the analyses here are carried out under
ifferent combinations of N (1, 2, 4, and 6) and WP (0, 1, 3, 5,
). The 𝑊𝑃 = 0 is the reference configuration, where the cylinder
s simply extruded with −𝛼 and +𝛼 layers, therefore, neglecting the
attern effect. To verify the consistency and validity of the achieved
esults, a wide range of winding angles is tested (15◦, 25◦, 35◦, 45◦,
5◦, and 65◦). The developed cylinder views are shown in Fig. 4 to
llustrate the applied winding patterns and angles. Moreover, Table 2
hows the 𝜃-position (refer to Figs. 1,3), where the change from one
iamond shape to another occurs, creating the interweaving region (the
oundary between black and grey triangles in Fig. 4).

In contrast with 𝛼, the investigated ranges for N and WP are more
imited. The former is designed to keep the thickness effect negligible
4

hen comparing different configurations, while the second aims to
eep large enough diamond-mosaic shapes, originating from the WP,
ielding smoother stress gradients and allowing a more accurate com-
utation of stresses. Furthermore, as the first step, the analyses will
over only the linear response of the cylinders.

A fine mesh is required to compute the stress oscillations developed
n the cylinder and capture the transition in the mechanical behaviour
ver the different regions along the layers. Meshes are built with a
uadratic Serendipity shell element (SHELL281 - ANSYS reference) in
ts degenerate form (triangle) [23], due to the winding pattern and
eometry. The element section has nine integration points, equally
paced through-thickness, and the offset is made from the mid-section
adius 𝑅𝑚𝑠. The FE mesh has a total of 450 elements along the
ircumferential direction.

The colours in Fig. 2 represent different stacking configurations:
n the left, two stacking sets; on the right, eight. The FE software
onsiders the equivalent layer theory, which homogenizes the plies
nto one anisotropic layer. Thus, each colour of Fig. 2 represents one
quivalent layer. At the contour lines of these layers, the nodes belong
o two or more different stacking sets, which might create some mild
tress concentrations at those locations.

.3. Loads and boundary conditions

After the winding pattern is generated and implemented into the FE
nvironment, loads and boundary conditions (BCs) can then be applied.
hree loading cases are considered: axial compression (Fig. 5(a)), tor-
ion (Fig. 5(b)), and internal pressure (Fig. 5(c)). For axial compression,
arget stress of 𝜎𝑧 = 500MPa is considered. This procedure eases
he comparison among different patterns and stacking configurations.
ence, the axial load is equivalent to this stress multiplied by the cross-

ection area 𝐴𝑐 (which varies according to 𝑁). This load is applied
o a master node, coupled with the 𝑢𝑧 DOFs (degrees of freedom) of
ll nodes (see Fig. 5). To allow free expansion/contraction, avoiding
lso stresses concentrations at the ends, the displacement in 𝑢𝑟 is not
onstrained, while all rotations 𝜓𝑖 and 𝑢𝜃 are constrained on both
dges (hard boundary conditions [27]). Axial displacement 𝑢𝑧 is con-
trained only on the right end. These conditions impose a constant axial
isplacement on the left end and are depicted in Fig. 5(a).

Regarding the torsion model, the same target stress 𝜎𝜃 = 500MPa is
achieved by applying nodal forces in the circumferential direction. As
in the previous loading condition, this force is computed considering 𝐴𝑐
nd applied on a master node, coupled with all nodes in the left end
egarding 𝑢𝜃 . While the left edge is constrained only in the DOFs 𝜓𝑟

and 𝜓𝜃 , the right edge is constrained also in 𝑢𝜃 and 𝑢𝑧. These boundary
conditions are illustrated in Fig. 5(b).

The third case represents cylinders in internal pressure 𝑃𝑖, where the
required value to reach circumferential stress (hoop stress) of 500 MPa
is computed through membrane theory, following Eq. (3). The load is
applied to the entire internal surface. To achieve a stress state as close
as possible to pure hoop stress, 𝑢𝑧 displacement is constrained only in
the right end. Both ends are constrained in the DOFs 𝑢𝜃 , 𝜓𝑧, and 𝜓𝜃 .
The BCs are shown in Fig. 5(c).

𝑃𝑖 =
𝑡 ⋅ 𝜎
𝑅𝑚𝑠

(3)

Since geometrical nonlinearities are neglected, the stiffness 𝐾 in
the axial compression and torsional load cases is directly evaluated
from the applied force/moment at the master node divided by the
displacement/rotation where this node is coupled (left edge of the
cylinders in Fig. 5(a),(b)). Stresses are evaluated considering the local
coordinate system (see Fig. 3). They are computed along a circular
perimeter around every 3◦ (120 measurements), in three different
locations along the length:

• in the centre line (CL), which is in the CCO line at the coordinate
𝑧 = 0 mm;
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Fig. 4. The developed cylinder view showing (a) the different WPs applied in the present work, considering a 𝛼 = ±35◦, and (b) the different winding angles, considering a
𝑊𝑃 = 3.
Table 2
Sector and reference angle, 𝜙𝑖, between two diamond shapes along the interweaving region for different patterns and layers.
N 1 2 4 6

𝜙𝑖 (◦) 0.0 0.0 180.0 0.0 90.0 180.0 270.0 0.0 60.0 120.0 180.0 240.0 300.0

WP = 1 180.0 180.0 0.0 180.0 270.0 0.0 90.0 180.0 240.0 300.0 0.0 60.0 120.0

WP = 3
60.0 60.0 240.0 60.0 150.0 240.0 330.0 60.0 120.0 180.0 240.0 300.0 0.0
180.0 180.0 0.0 180.0 270.0 0.0 90.0 180.0 240.0 300.0 0.0 60.0 120.0
300.0 300.0 120.0 300.0 30.0 120.0 210.0 300.0 0.0 60.0 120.0 180.0 240.0

WP = 5

36.0 36.0 216.0 36.0 126.0 216.0 306.0 36.0 96.0 156.0 216.0 276.0 336.0
108.0 108.0 288.0 108.0 198.0 288.0 18.0 108.0 168.0 228.0 288.0 348.0 48.0
180.0 180.0 0.0 180.0 270.0 0.0 90.0 180.0 240.0 300.0 0.0 60.0 120.0
252.0 252.0 72.0 252.0 342.0 72.0 162.0 252.0 312.0 12.0 72.0 132.0 192.0
324.0 324.0 144.0 324.0 54.0 144.0 234.0 324.0 24.0 84.0 144.0 204.0 264.0

WP = 7

25.7 25.7 205.7 25.7 115.7 205.7 295.7 25.7 85.7 145.7 205.7 265.7 325.7
77.1 77.1 257.1 77.1 167.1 257.1 347.1 77.1 137.1 197.1 257.1 317.1 17.1
128.6 128.6 308.6 128.6 218.6 308.6 38.6 128.6 188.6 248.6 308.6 8.6 68.6
180.0 180.0 0.0 180.0 270.0 0.0 90.0 180.0 240.0 300.0 0.0 60.0 120.0
231.4 231.4 51.4 231.4 321.4 51.4 141.4 231.4 291.4 351.4 51.4 111.4 171.4
282.9 282.9 102.9 282.9 12.9 102.9 192.9 282.9 342.9 42.9 102.9 162.9 222.9
334.3 334.3 154.3 334.3 64.3 154.3 244.3 334.3 34.3 94.3 154.3 214.3 274.3
• in the shifted centre line (SCL), which has a 5 mm offset relative
to the CL;

• in the mid triangle line (MTL), which is between the CL and the
next CCO line, in the positive direction along z axis. For WP/𝛼
combinations where this length exceeds 𝐿∕2 or is close to the
edge, coordinate 𝑧 = 𝐿∕4 is adopted.

The configurations that applied this exception rule for defining
the MTL location were WP = 0 (all values of 𝛼), WP = 1 (𝛼 =
15◦, 25◦, 35◦, 45◦, 55◦), WP = 3 (𝛼 = 15◦, 25◦), and WP = 5 (𝛼 = 15◦).

3. Results and discussions

In this section, the stress profiles and stiffness values for every
WP analysed are presented, also focusing on the effects of angle and
5

number of layers. Four winding patterns (plus the baseline cylinder
disregarding the WP), four different numbers of layers, and six winding
angles are considered in this analysis. Furthermore, the cylinders are
subjected to three different loading conditions and their respective
boundary conditions. A total number of 360 simulations is performed.
The available data for supporting the statements are provided in the
supplementary material for verification, repeatability, and further usage.

3.1. Axial compression

This analysis shows stress oscillations around the interweaving re-
gions, following observations from experimental data [25]. Fig. 6 plots
the stress 𝜎1 (see Fig. 3 for the local coordinate system) over the

cylinder, highlighting the points with the highest stress concentration,
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Fig. 5. Loads and boundary conditions on the cylinders under (a) axial compression (b) torsion, and (c) internal pressure loads.
Fig. 6. Stress 𝜎1 of a cylinder subjected to axial compression highlighting the stress concentrations in the interweaving (CCO and HCO) regions. Parameters used: 𝑁 = 1; 𝛼 = 35◦;
nd WP=7.
r
d
d
c

hich is in the transition between two diamond shapes along a CCO
ine. Here, it is important to notice that these concentrations might
ppear due to the sudden shift in the material properties given the
odelling procedures herein adopted. Still, the interweaving generates

ome concentrations as shown numerically in [28,29] and experimen-
ally in [25]. In Fig. 6, stress plots incorporate a laminate scheme of the
nalysed geometry, with a solid dot pointing to the through-thickness
oordinate where the stress is evaluated in the respective plot.

The stresses in 𝜎1, 𝜎2, and 𝜏12 are plotted for different WPs in Fig. 7.
he WP=5 was omitted from this figure to allow better visualization,
ut it can be found in the Supplementary Material. For the stress
ields 𝜎1 and 𝜎2, the stress peaks in the CL region are higher, and the
umber of peaks equals the WP number since this is also the number
f diamond shape transitions along this line. Regarding the SCL region,
ue to the small offset applied, peaks are observed in the same locations
s in CL, but with smaller amplitude. Also, when measured far from
he interweaving regions, in the RL region, the developed stress field
s very similar to the stress developed in the model without pattern
onsideration (𝑊𝑃 = 0). In other words, the stresses are similar to a
6

egular laminate away from the interweaving region. On the MTL, the
istance between two interweaving regions along the circumferential
irection is maximized. Therefore, the peaks when crossing them are
learly distinguished in Fig. 7, yielding a total of 2 ×𝑊𝑃 peaks.

Differently from 𝜎1 and 𝜎2, 𝜏12 maintains the magnitude but changes
sign when switching from −𝛼 to +𝛼 and the other way around. This
change can be observed in the MTL region in Fig. 7, showing a small
tip before stabilizing. The peak increases as the WP increases. The SCL
region quickly crosses the +𝛼 ply, forming a peak in the plots.

On a second analysis, 𝑊𝑃 = 5 and N is varied. The results
are depicted in Fig. 8. The stress oscillations when approaching the
interweaving regions are significantly smoothed through the addition
of more layers. In the MTL region, for example, while the single-layer
configuration yielded 𝜎1 stresses between approximately −650 MPa and
0 MPa, with 𝑁 = 6 the oscillations are narrowed and kept within the
range of −560 MPa and −530 MPa. Results for 𝜎2 follow the same be-
haviour, despite the lower absolute stress values, significantly reducing
stress concentrations as more layers are added to the laminate. As for
𝜏 , no oscillations are observed, but the peaks that occur when shifting
12
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Fig. 7. Stress variation in the bottom layer along the circumferential direction at CL, SCL, and MTL regions in a cylinder under axial compression. Parameters used: 𝑁 = 1 and
𝛼 = 35◦; columns define the stress: 1st - 𝜎1, 2nd - 𝜎2, and 3rd - 𝜏12; lines represent the 𝑊𝑃 : 1st - 𝑊𝑃 = 0, 2nd - 𝑊𝑃 = 1, 3rd - 𝑊𝑃 = 3, and 4th - 𝑊𝑃 = 7.
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Fig. 8. Stress 𝜎1 at the bottommost layer along the CL, SCL, and MTL regions in a cylinder under axial compression. Parameters used: 𝑊𝑃 = 5; 𝛼 = 35◦; and (a) 𝑁 = 1, (b) 𝑁 = 2,
c) 𝑁 = 4, (d) 𝑁 = 6.
etween plies (i.e., when crossing the HCO region), depicted in Fig. 7
or 𝑁 = 1, are also mitigated with the addition of more layers, and the
tresses along the MTL region assumes a square wave shape.

When varying both WP and N, shear stresses close to zero are seen
n the CL region and also in all CCO lines. An explanation for this is
llustrated in Fig. 9, where 𝜏12 values measured at nodes and elements
re depicted in a colour scale, considering a cylinder with 𝑁 = 6 to
itigate stress concentrations. As can be seen, the stress measurements

t the elements do not capture this null shear stress, and the elements
djacent to the CL region yield values close to the ones measured in
he MTL region. However, when extrapolating the stresses in these
lements to nodes that fall exactly in the CL region, the nodal approach
mooths the +𝜏12 stress in the −𝛼 ply with the −𝜏12 stress in the +𝛼 ply,

yielding a null stress. For this reason, stress measurements along the CL
region are avoided.

A closer analysis of the stress levels at the MTL region reveals a
discrepancy in the values at different points along the thickness. As
can be seen in Fig. 10, for 𝑁 = 1 the stress in the bottom-most
(−𝛼) and topmost (+𝛼) oscillated around different values, but this
difference falls strongly for 𝑁 = 6. The stress distribution for 𝑁 = 6
(Fig. 10(b)) suggests an influence of bending stresses, which is expected
for non-symmetric laminates, even under pure axial stress conditions.
Corroborating with former works, the addition of more layers decreased
the WP effect [10].

These results also show that the layers experience peaks in the same
angular positions along the circumferential direction. For instance, a
stress concentration in the interweaving region of the bottom-most
layer led to stress concentrations in all the other layers, even the
topmost, yielding the smoothing effect observed in Figs. 8 and 10.

Nonetheless, this effect occurs because it is necessary to avoid the

8

transitions between −𝛼 and +𝛼 plies in the same angular positions. In
the above examples, where they occurred always in different locations,
the total number of peaks is equal to 𝑁 ×𝑊𝑃 . However, as reported in
Table 2, this is not the case for the construction with 𝑊𝑃 = 3 and
𝑁 = 6. In this case, the diamond-shaped structures are constructed
exactly one over another, yielding a stress distribution similar to the
expected for 𝑁 = 3. In this specific case, the configuration with 𝑁 = 4
produces fewer stress concentrations than the configuration with 𝑁 = 6
(see Fig. 11).

3.2. Torsion

Regarding the torsional behaviour, stress fields for a particular case
(𝑊𝑃 = 5, 𝛼 = 55◦, and 𝑁 = 6) can be viewed in Fig. 12. As for in
the case of axial compression loading condition, transitioning regions
between plies are the main source of stress concentrations, but now the
stresses 𝜎1 and 𝜎2 reach zero values in the CL region and change their
sign when crossing the interweaving regions. In comparison to Fig. 6,
the stress concentration region around the CCO lines is wider.

Stresses for different winding angles are plotted in Fig. 13. As
expected, a shear value close to zero is obtained for 𝛼 = 45◦. This plot
also shows how the stress oscillations presented in 𝜏12 under torsion
are analogous to the ones in 𝜎1 and 𝜎2 under compression, while the
stresses 𝜎1 and 𝜎2 under torsion are analogous to the stress 𝜏12 under
compression (see Fig. 7).

As observed in Fig. 14 and similarly to the observations made for
the cylinders in axial compression, the stress peaks are also reduced
when more than one double layer is considered. The oscillations when
abruptly changing the sign of 𝜎1 were also smoothed. Since in this

◦
case a greater 𝛼 value was considered (65 ), even the SCL region could
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Fig. 9. The 𝜏12 stress computation (a) extrapolated to the nodes and (b) using the interpolation functions in the elements. Parameters used: 𝑊𝑃 = 5; 𝛼 = 35◦; and 𝑁 = 6.

Fig. 10. The 𝜎1 stress along the MTL region for different plies. Parameters used: 𝑊𝑃 = 5; 𝛼 = 35◦; and (a) 𝑁 = 1, (b) 𝑁 = 6.

Fig. 11. The 𝜎1 stress along the MTL and SCL regions at the bottom layer. Parameters used:𝑊𝑃 = 3; 𝛼 = 35◦; and (a) 𝑁 = 4, (b) 𝑁 = 6.

9
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Fig. 12. The (a) 𝜎1 and (b) 𝜏12 stress fields in the bottom and top layers of a cylinder subjected to torsion. Parameters used: 𝑊𝑃 = 5; 𝛼 = 55◦; and 𝑁 = 6.
Fig. 13. The (a) 𝜎1, (b) 𝜎2, and (c) 𝜏12 stress fields for a cylinder in torsion evaluated along the MTL region for different winding angles. Parameters used: 𝑊𝑃 = 7 and 𝑁 = 1.
capture two distinguish peaks for every WP (see Fig. 14(b)). It is also
possible to notice that, differently from axial compression, the SCL
region does not reach the stress value from the MTL region due to the
wider stress concentration region around the CCO region.

3.3. Internal pressure

Cylinders under internal pressure show stress concentrations in
similar areas as seen for the other two loading cases previously results,
as depicted in Fig. 15, where the hoop stress 𝜎𝜃 was included along with
the other three local stresses. The shear stress changes abruptly when
crossing the interweaving regions, reaching a null value in the CCO
lines due to the nodal extrapolation. Fig. 16 shows that stress peaks are
also observed when crossing interweaving regions for 𝜎𝜃 and that these
peaks could also be significantly reduced by increasing the number of
layers. A qualitative behaviour analogous to axial compression for the
three stresses in local coordinates is observed along the circumferential
direction.

Aiming to simulate a more complex structural model under internal
pressure and verify with arbitrary parameters if the stress behaviour
remains the same, one considers different WP, 𝜙, and 𝛼 for each layer.
The inputs are given in Table 3. Results are reported in Fig. 17 for
two coordinates along z, 24.37 mm and 73.11 mm. These positions
were selected as they are distant from any CCO lines generated by

the WP of the set. Stress concentrations are lower than the single-layer

10
Table 3
Input parameters for a filament wound cylinder with four layers.
Layer WP 𝛼(◦) 𝜙(◦)

1 3 56 0
2 6 16 42
3 2 43 11
4 4 38 72

configurations, but they could not decrease in the same proportion as
in the case with regular layers, which is expected considering that in
this case, stress concentrations have the likelihood of falling in similar
angular positions, resulting in stress superpositions. In addition, due
to the transferring of stress concentrations observed in Section 3.1,
there is a large difference in the relative stress concentrations among
layers. In the bottom layer, where the hoop stress is higher in view
of the higher 𝛼, the maximum deviation of the stresses relative to the
reference configuration is 9%. In the top layer this angle is lower, and
so is the stress, but the maximum deviation increases to 27%.

3.4. Stiffness

The stiffness is herein defined as the ratio between the applied force
and the generated displacement, measured in the same direction as the
loading. By using 𝑊𝑃 = 0 as a reference, one can also quantify the
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Fig. 14. The (a) 𝜎1 and (b) 𝜏12 stress fields with 𝑁 = 1, (c) 𝜎1 and (d) 𝜏12 stresses, with 𝑁 = 4, in the bottom layer of a cylinder subjected to torsion. Parameters used: 𝑊𝑃 = 3
nd 𝛼 = 65◦.
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ffect of neglecting the WP in the numerical models. A comparison
etween deformed shapes under axial compression and torsion is shown
n Figs. 18 and 19. For both loading conditions, with N=6, the inter-
eaving path (both HCO and CCO regions) becomes indistinguishable,
ven with a magnification factor of 5.

Results for cylinders in axial compression are shown in Fig. 20,
here the deviations are computed from the reference configuration
WP=0). Deviations up to −7.4% are observed for the configuration
ith one layer, while for the two layers configuration, the values
re below 1%. In the cases with four and six layers, differences are
egligible. Deviations reach their highest value for 𝛼 = 25◦, decreasing
s 𝛼 increases. This can be explained by analysing the stress fields
long the MTL region for different values of 𝛼, plotted in Fig. 21. The
onfiguration with 𝑁 = 1 and 𝑊𝑃 = 7 is chosen since this set yields
he highest stiffness deviations. As can be seen, stress concentrations
re higher in 𝜎1, so it is expected the stiffness deviation to be lower in
he configurations where 𝜎2 plays the major role (𝛼 = 55◦, 65◦). While
he values of 𝜎1 are very similar for 15◦, 25◦, and 35◦, the configuration
ith 𝛼 = 25◦ shows the highest concentration level in the interweaving

egion relative to 𝜏12. This concentration lowers the stiffness and this
onfiguration presents the highest deviation.

Regarding the influence of the WP on the axial stiffness, Fig. 20
hows an increasing deviation as the WP increases, with an approx-
mately linear correlation for the configuration with 𝑁 = 1. For the
ther ones, the variation was smaller, and numerical deviations can

asily mitigate the pattern influence. Fig. 4(a) reveals a similar trend p

11
n the size of the HCO region when going from WP=1 to WP=7,
ndicating a relation between stiffness deviations and the length of
his interweaving region. This observation was verified by taking the
onfiguration with the highest deviation (𝛼 = 25◦), and extrapolating
t to a model with WP=15 and 𝑁 = 1, which resulted in a deviation
f −15.81%. The addition of this value in the plot from Fig. 20(b) and
ubsequent fitting, considering a linear tendency, yields a coefficient of
etermination of 0.9998.

Results for torsional load conditions are shown in Fig. 22. Differ-
ntly than for the axial compression results, no linear behaviour is
bserved for the deviation as a function of the WP. This could be
xplained by examining Fig. 19, where deformations are observed along
he CCO lines, while in Fig. 18 they are invisible in that region. The
umber of CCO lines also increases as the WP increases but in a non-
roportional fashion. As illustrated in Fig. 4, for instance, the number
f CCO lines are 1, 3, 3, and 5, for WPs 1, 3, 5, and 7, respectively. The
owest decrement in stiffness deviation observed in Fig. 22(c) occurs
etween WPs 3 and 5, where the number of CCO lines did not change.
his observation holds also for all the other angles analysed, indicating
strong link between the torsion stiffness and the number of CCO lines.
herefore, while the axial stiffness is sensible to the size of the HCO
egion, the torsion stiffness depends on the size of both the HCO and
CO regions.

Regarding the influence of 𝛼 on the torsional stiffness, more signif-
cant deviations are computed relative to the axial stiffness. They are

resent in the entire 𝛼 range for the one-layer configuration, reaching
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Fig. 15. The (a) 𝜎1, (b) 𝜎2, (c) 𝜏12, and (d) 𝜎𝜃 stress fields in the bottom and top layers of a cylinder subjected to internal pressure. Parameters used: 𝑊𝑃 = 5; 𝛼 = 55◦; and 𝑁 = 6.

Fig. 16. Comparison of 𝜎𝜃 at MTL and SCL areas with (a) 𝑁 = 1 and (b) 𝑁 = 6, subjected to internal pressure. Parameters used: 𝑊𝑃 = 5 and 𝛼 = 55◦.
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Fig. 17. The stress 𝜎𝜃 along the (a) bottom and (b) top plies for a cylinder with WP, 𝛼, and 𝜙 arbitrarily defined.
Fig. 18. Displacement 𝑢𝑧 [mm] in the deformed shape with a 5× magnification factor for a cylinder under axial compression with 𝛼 = 15◦ and: (a) 𝑁 = 1 and 𝑊𝑃 = 1, (b) 𝑁 = 6
and 𝑊𝑃 = 1, (c) 𝑁 = 1 and 𝑊𝑃 = 7, (d) 𝑁 = 6 and 𝑊𝑃 = 7.
the value of 25.2% in the worst case, while with two layers the
deviations keep between 2.3% and 4.8%. In conjunction with the axial
stiffness, four and six layers yield negligible deviations. As can be seen
in Fig. 13, the stress peaks, observed in 𝜏12 for axial compression load
when crossing the CL region, can now be observed for 𝜎1 and 𝜎2. As
for the compression load condition, their magnitudes correlate with
the deviations presented in Fig. 22, yielding deviations proportional to
these peaks.

The interweaving regions are modelled as straight lines and the
effective material properties change abruptly from one to another. This
unavoidable simplification might generate a higher stress concentra-
tion, which means that the values found might be slightly higher than
reality. Support from experimental data would be a welcome addition
to account for possible corrections of stiffness for double layers with
𝑁 ≤ 4.
13
4. Conclusions

This work proposed a numerical methodology to evaluate the wind-
ing pattern effects on composite cylinders under axial compression, tor-
sion, and internal pressure loading cases. The influence of the winding
angle and several layers were also considered. The following conclu-
sions can be drawn:

• Stress concentrations are observed in the interweaving regions
in all tested load conditions. Under axial compression, the HCO
regions are wider and CCO are thinner, in comparison to torsion.
Away from these regions, the stress value of a regular laminate
composite is observed. Despite increasing the number of stress
concentrations, no evidence that the WP increases the magnitude
of these stresses was found;

• Stress concentrations of one layer propagate to all the others,
but their magnitude is considerably reduced by adding layers.
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Fig. 19. Displacement 𝑢𝜃 [mm] in the deformed shape with a 5× magnification factor for a cylinder under torsion with 𝛼 = 45◦ and: (a) 𝑁 = 1 and 𝑊𝑃 = 1, (b) 𝑁 = 6 and
𝑊𝑃 = 1, (c) 𝑁 = 1 and 𝑊𝑃 = 7, (d) 𝑁 = 6 and 𝑊𝑃 = 7.
Nonetheless, when a stress concentration of one layer falls in
the same angular position as another layer of the cylinder a
superposition effect takes place, and its magnitude increases;

• Axial stiffness is very sensitive to the size of the HCO region and
inversely proportional to it, but the WPs influence is negligible
for cylinders with more than 2 layers;

• Regarding torsion stiffness, it is very sensitive to the size of the
CCO region and inversely proportional as well. Nevertheless, WPs
influence is negligible for cylinders with more than 4 layers;

• The influence of WP in stress concentrations and both axial and
torsion stiffness varies according to the winding angle.

Besides the methodology proposed in the present study, which can
be applied to many similar cases, the stress results obtained show a sys-
tematic behaviour that helps to clarify some aspects of the mechanical
behaviour of FW cylinders. In particular, it was shown that patholog-
ical stress concentration distributions manifest along distinct regions
intrinsic to the FW process. Their effects were numerically mapped for
various combinations of patterns and winding angles, and the mitiga-
tion of these effects, as the number of layers increased, became clear.
These findings, along with the mapping of the axial, torsional, and
pressure stiffness computed in the present work, represent a valuable
asset for Engineering analysis of these components, since these aspects
can now be incorporated into their design and contribute significantly
to better safety levels, as well as an overall understanding of their
response. Experimental tests, assisted by digital image correlation, are
the next step of this study to determine the source and location of stress
concentrations herein observed and to validate the numerical findings
presented here.
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Fig. 20. Deviation relative to the reference configuration (WP = 0) on the axial stiffness as a function of WP in a cylinder under compression loading. The analysed winding
angles are (a) 15◦, (b) 25◦, (c) 35◦, (d) 45◦, (e) 55◦, and (f) 65◦.

Fig. 21. (a) Stresses 𝜎1, (b) 𝜎2, and (c) 𝜏12 stresses along the MTL region for a cylinder in axial compression for different winding angles. Parameters used: 𝑊𝑃 = 7; and 𝑁 = 1.
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Fig. 22. Deviation relative to the reference configuration (WP = 0) on the torsion stiffness as a function of WP in wound cylinders under torsion loading. The analysed winding
angles are (a) 15◦, (b) 25◦, (c) 35◦, (d) 45◦, (e) 55◦, and (f) 65◦.
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