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This study investigates a filament-wound tube model incorporating fiber undulation from the filament
winding process. The model was analyzed using the finite element method in the linear regime, then
compared with the shell model and radial crushing experiment. Results showed that the solid model pre-
dicts the radial compression stiffness with a higher level of accuracy than the shell model due to the
inclusion of the fiber undulation feature. This model is a first step towards the development of a compos-
ite pressure vessel model where fiber undulation is more frequent, and also for predicting failure initia-
tion and damage propagation.
© 2025 The Author(s). Published by Elsevier Ltd on behalf of Society of Manufacturing Engineers (SME).
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The widespread use of composite structures necessitates under-
standing how manufacturing processes affect their performance.
Filament winding is the preferred method for producing axisym-
metric composite geometries such as pressure vessels or tubes
due to its high fiber content, minimum void introduction, high
accuracy, and automation potential. Even though the performance
of the composite parts is primarily based on the material proper-
ties, other factors such as fiber angles 1], stacking sequence [2,3]
and the impact of the filament winding process such as gaps due
to fiber overlap [4] and thickness variation [5] can also influence
its performance.

The objective of this study is to gain a deeper understanding of
the effect of the actual fiber path and undulation on the mechanical
performance of a filament-wound structure. Radial compressive
loads are commonly introduced in underground pipes [6], under-
water pipes, and also used for the oil offloading hoses [7]. Under
this load, previous studies showed that the winding pattern affects
tube stiffness [8,9], and failure prediction was studied [10]. How-
ever, previous studies did not account for fiber undulation.
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In this research the finite element (FE) method was used to
model a filament-wound composite tube with undulations. This
paper starts with modeling (Section 2), followed by the experimen-
tal method (Section 3), and the models are compared to experi-
ments (Section 4). The effect of fiber undulation on the
compressive stiffness under radial crushing load was observed.

2. Filament-wound composite tube modeling

The samples were manufactured using a filament winder from
McClean Anderson, on a 106 mm diameter aluminum mandrel.
CADWIND software generated the path with a 1/1 winding pattern
selected for all the samples due to its optimum fiber coverage with
the chosen winding parameters. In filament winding, the winding
pattern is directly connected to the locations of fiber placement
and fiber overlap. The first number in the winding pattern repre-
sents the number of wraps around the mandrel before the turn-
around, visually shown by the number of diamonds around the
tube circumference (see Fig. 1), and the second number indicates
the number of fiber widths skipped for each path [11].

T700 Carbon fiber from Toray Composite Materials Inc. and
epoxy resin by Advanced Material Systems (AMS) were used and
cured according to the manufacturer’s specifications. Both ends
of the samples were cut into the required length where one dia-
mond shape was found, and polished at both ends to remove burrs.
This ensured an identical structure to the numerical model and
eliminated the effect of fiber slippage at the turnaround point.
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Fig. 1. Schematic representation of modeling procedure for filament-wound composite tube and a manufactured sample.

With a controlled winding speed, mandrel rotation speed and fiber
tension, the fiber angle at the cylindrical part can be assumed to be
constant. Material properties were taken from AMS’s tensile test
experiment shown in Table 1.

A solid-element FE model based on the ideal winding path of
resin-impregnated fibers and their directional properties was
developed in this study. The fiber path calculation was based on
a previous study about non-geodesic filament winding path [12]
with a friction coefficient of 0.2 for wet winding [13]. The trajecto-
ries used in this article were based on polar coordinates, and the
shell of revolution can be expressed by

S(¢. p) = {pcose, psing, z(9)}

where ¢ is the angular coordinate and p represents the radial dis-
tance. The filament winding parameters were based on manufactur-
ing default using 8.8 mm bandwidth and 64% fiber volume fraction,
creating 0.234 mm ply thickness for every layer. Applying these
inputs to the formulation, the path for a layer can be calculated
depending on the bandwidth, winding pattern, and fiber coverage.

The main difference between composite modeling using shell
elements and this method is that the shell model does not include
the effect of fiber undulation from the filament winding process.
While some argue that gaps can be eliminated by ensuring full
fiber coverage [14], or by resin transverse flow during the consol-
idation step [15], the overlaps between fibers remain. This poten-
tially causes non-uniform thickness and fiber waviness in the
subsequent layers that affect the structure’s stiffness. In this
research, the fiber overlap algorithm was applied based on the
node-to-node comparison, overlap exists when the fiber in the cur-
rent winding path:

o self-intersects, between the first half and second half
e intersects with the previous paths

For every satisfied condition, the node’s location at p-axis
was increased by one ply thickness. An input file for further pro-
cessing in the FE software was generated by combining the

updated nodes to become 3D solid elements. MSC Marc soft-
ware was used for the finite element analysis (FEA). The resolu-
tion of the nodes was increased to avoid element penetration
due to coarse elements and to enhance the accuracy of the
results. The solid model (8-node solid element CHEXA, 2x9
mm) thickness was based on the overlap algorithm, while the
shell model (4-node shell element CQUADA4, 2x9 mm) had uni-
form thickness taken from the average thickness of manufac-
tured samples.

The stacking sequence of [£705] was selected based on the
manufactured samples. The node locations for the following layers
were based on the previous layer. All layers with the same angle
had the same fiber path to simplify the model. The layer-to-layer
contact was assumed to be in perfect bonding. This approach
was used to avoid errors during the analysis due to element distor-
tion and edge effects. Some assumptions were made for the fiber
location formulation of this model:

e no fiber slip during the winding

o filament winding parameters were in ideal condition, thus exact
angle throughout the path

e gaps exist as empty spaces and are not filled with matrix

The generated model was imported to the FE software and
applied with a local coordinate system for each element that fol-
lowed the fiber path direction. The failure criterion and damage
propagation were not included in this model due to the limitation
of available material data. Current model boundary conditions
were based on the experiment shown in Fig. 2. This experiment
represents a study case of an underground pipe where the soil pro-
vides lateral support but allows axial movement, thus it can freely
deform, and the radial crushing loads are from the ground surface.
The composite tube was placed in the middle of two rigid surfaces,
where the bottom surface was fixed and the top surface descended.
The contact between the tube and both rigid surfaces is a touching
contact with a friction coefficient of 0.1 to constrain the tube
movement.

Table 1

Material properties of T700/Epoxy.
E; (MPa) E, (MPa) Vi2 G2 (MPa) Gi3 (MPa) Ga3 (MPa)
149,000 4,790 0.324 2,360 2,360 1,780
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Fig. 2. Left: Finite element model and boundary conditions. Right: experimental setup.

3. Experimental method

This experiment followed ASTMD2412 [16]. Five composite
tubes were manufactured under identical parameters and condi-
tions. The wall thickness of each tube was measured at eight points
at each tube end according to ASTMD2122 [17], with the average
wall thickness of 1.52+0.12 mm. The experimental setup is shown
in Fig. 2.

An Instron 3412 universal testing machine was used to conduct
the radial crushing test. The upper plate movement has a constant
rate of 12.5 mm/min and the loading plate diameter used was
150 mm. The ambient temperature was kept constant at 25°C to
avoid thermal effects. The thinnest wall was positioned at the
top and the moving plate had to be in contact with the sample with
no more than the load necessary to hold it in place. The plate
stopped moving after 35 mm. The force and displacement of the
plate were measured and the failure was observed but not investi-
gated further.

4. Results & discussion

The main observation in Fig. 3 was the composite tube stiffness
in the elastic region at 15 mm deflection. The experiments showed
an average stiffness of 116.574+9.1 N/mm while the model includ-
ing fiber undulation predicted 113.62 N/mm (2.53% error) and the
shell model, without fiber undulation, predicted 123.56 N/mm (6%
error). The FEA of the solid model was stopped at 19.6 mm deflec-
tion when the tube’s compressive stress had reached 1450 MPa
which was assumed the maximum [18].

All results aligned closely for the first 5 mm of deflection, but
deviations appeared afterward due to imperfections in the manu-
facturing process, especially undulations that caused waviness
and non-uniform thickness. These factors were absent in the shell
model, which assumed a uniform thickness resulting in slightly
over-predicting the stiffness. In contrast, the solid model accounts
for fiber undulation, which led to gaps and thickness variation
which reduced the stiffness, as observed during the experiments.

Solid model
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Fig. 3. Left: Force and displacement from experiment vs. FEA (shell & solid models). Right: Stress distribution for shell & solid models.
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The resin fills most gaps during curing, allowing resin and fiber
to be modeled as composite components with material properties
based on fiber volume fraction. The unfilled gaps in the solid model
led to conservative results, while the shell model overestimated
the stiffness.

During the experiment, two specimens showed a force drop at
approximately 24 mm and 26 mm possibly caused by inconsistent
wall thickness leading to local fiber failure, as cracks were found in
both samples. This behavior was not observed in the other three
specimens potentially due to a higher thickness. The solid model
did not capture the failure behavior.

Comparing the two models, the solid model is considered better
for capturing the behavior of the filament-wound tube average
stiffness in the linear region. Even though both models’ results
were still in the range of scatter, the solid model has a higher
potential for predicting failure and damage propagation and cap-
turing all the physical behavior when developed further. For exam-
ple using Virtual Crack-Closure Technique (VCCT) as the crack
initiation, which can be captured by using Digital Image Correla-
tion (DIC) or high-speed camera.

5. Conclusion

This study focused on modeling fiber undulation in filament-
wound composite tubes, which were absent in shell elements.
The solid model with fiber undulation provided a more conserva-
tive stiffness prediction than the shell model. As the undulations
are expected to lead to stress concentrations, the solid model is
expected to predict the failure behavior and location when
improved with failure criteria and damage propagation. Further-
more, it can also be enhanced with the winding at the dome part
to create a composite pressure vessel, where the fiber undulation
is more frequent and the effects could be more significant.
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