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Abstract

This paper is focused on radial-compression of filament-wound composite pipes. An
important but frequently disregarded is the issue of the choice of the winding pattern. The
influence of the pattern on the strength of pipes is the subject of the investigation. Since the
real geometry of filament-wound tubes is complicated researchers use simplified models
(especially in “zig-zag” area), which are insufficient to reflect real behavior of tubes. An
attempt to investigate a more precise geometry is presented in this work. A python script
is used to model the particular areas typical for filament-wound elements. Hashin criterion
is used to reflect damage in the material during compression. Results of numerical simula-
tions are discussed and compared with experimental from other researchers. Based on the
prepared model — the influence of pattern on the strength of a composite pipe is possible.
Although some improvements may be introduced, a satisfactory agreement between the
experiment and numerical simulation was achieved.

Keywords Filament winding - Finite element method - Winding pattern - Radial
compression - Composite pipe

1 Introduction

Filament Winding (FW) is believed to be the most suitable and efficient technology to
manufacture composite axisymmetric parts, such as pressure vessels, tubes, pipes [1-3]
The process characterize a continuous fiber deposition onto a mandrel which provides good
strength properties of the element. In wet winding, thanks to the impregnation system, the
fiber tow is sufficiently saturated, and the final product includes fewer air voids [4].

Since filament winding is mainly used for manufacturing axisymmetric products, there
are a lot of scientific interests concentered mainly on composite pressure vessels and pipes.
The main tests being conducted on filament-wound elements are internal pressure loading
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[5-8] external pressure loading [9, 10], axial compression [11, 12], radial compression [13],
torsion test [14, 15] and split-disc method [16, 17]. Moreover, filament-wound elements find
a great application possibilities in civil engineering such as tubes filled with concrete [18-
21], where a great improvement of the mechanical behavior was observed after implement-
ing the GFRP reinforcement.

Eggers et al. [22] evaluated the influence of the winding angle, stacking sequence
and diameter-to-thickness ratio on the mechanical response of composite rings under
various loading. The investigation revealed that for radial compression, axial com-
pression and hoop tensile loading the dominant failure modes were, respectively,
delamination, delamination and minor off-axis cracks, and fiber/matrix debonding
and fiber breakage. Zu et al. [23] worked on the non-geodesic trajectories in the man-
ufacturing of composite pressure vessels and found a satisfactory agreement between
the numerical and experimental studies. Almeida Jr et al. [24] implemented the
genetic algorithm to obtain the optimal stacking sequence of the filament-wound pipe
under internal pressure, but without the consideration of winding pattern. A damage
model to predict the response of filament wound tubes under external pressure and
radial compression was developed [10, 13]. There was a good agreement between
experiment and numerical results found.

The pattern issue is not widely discussed in the literature regarding the filament-
wound pipes. One of the first mentions is reported by Rousseau et al. [25], who
performed a set of pressure tests on the glass/epoxy tubes of +55°. They concluded,
that the increase of the degree of interweaving (the higher pattern number) influence
the damage growth, but only for closed-ended internal-pressure loading and weeping
test. In the case of the tensile test and pure internal pressure, no significant impact
of the pattern was revealed. Morozov [26] conducted numerical research in the field
of filament-wound pipes with different patterns under internal pressure loading. He
concluded that the conventional mechanical approach, where the pattern influence
on the geometry is not taken into account, may underestimate the stress distribution
in shells. Another research [27] investigated the influence of winding pattern (1/1,
3/1 and 5/1) on filament wound composite cylinders under axial compression under
hydrothermal conditioning. The best performance for both axial compressive strength
and stiffness was established for 3/1 winding pattern, irrespective of the environmental
conditioning. The high number of interweaving areas slightly decreased the local
buckling and postponed crack propagation after the local buckling occurred. Shen et al.
[11, 28] introduced a novel method for calculating the stiffness of the filament-wound
tubes. A 3-step analysis was performed to alert the ABD matrix depending on the fiber
undulations and crossovers. There was also implemented of an approach distinguishing
the laminate region and the undulation region in numerical analysis using the macro
and mesoscopic method. The uneven strain distribution occurred in the specimen,
which influenced the failure of the composite.

Judging from the literature analysis, the great effort was put in the numerical inves-
tigation of filament-would composite structures. Nevertheless, the pattern issue and its
influence on the final composite layup was insufficiently investigated. Some research-
ers examined the specimens with the respect to pattern number, but used a simplifica-
tion in terms of the interweaving areas. This article attempts to bridge the literature
gap in the field of numerical investigation of “zig-zag” area in filament-wound com-
posite structures.
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2 Theoretical Background

In FW parts, pattern geometry is an inevitable feature of the technology. The pattern is gener-
ated due to the cyclic deposition of the tow onto the mandrel. It is described by an integer num-
ber that reflects the number of diamond-shaped regions on the circumference of the mandrel.
Each of the diamond consist of the two triangle areas with the laminate of -o/+a and + o/-ax.
Between those triangles, there is the so-called “zig-zag” area, where the interweavings occur
[29]. Therefore, depending on the pattern number (the number of diamonds on the circumfer-
ence), the amount of the discontinuity varies significantly. Moreover, for the same winding
angle and mandrel diameter, different winding patterns may result in a different degree of cover-
age. The exemplary pattern is presented in Fig. 1.

The mechanism of interlaces creation is presented in Fig. 2.

In the numerical model, Hashin failure criteria are used to identify the status of the
stress component at which failure happens [30]:
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where o0,,, 05, and 7, denotes longitudinal, transverse and in-plane shear stress com-
ponents. X, XC, YT, Y€, ST and S stand for longitudinal tensile, longitudinal compres-
sive, transverse tensile, transverse compressive and in-plane longitudinal and transverse
shear strength components. These criteria are able to distinguish four damage mecha-
nisms: fibre tension, fibre compression, matrix tension and matrix compression.
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Fig.2 Mechanism of interlaces formation

The a coefficient indicates the contribution of the shear stress to the fibre tensile initiation
criterion. Depending on the value of the coefficient, the failure criteria can be set to obtain the
model of Hashin and Rotem [31] for &« = O or the model of Hashin where « = 1.

The outcome of damage is taken into consideration by the stiffness coefficients reduc-
tion as follows:

c=C:¢ )

Where: represents a tensor double contraction and C matrix is the damaged stiffness
given matrix by:

(1-d))E, /A (1—-d;)(1—d,)vyE /A 0
C=|(1-d;)(1~d,)vpE,/A (1-d,)E,/A 0 (6)
0 0 (1-4d,)G),
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A=1- (1 - df)(1 - dm)V12V21 7
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where ¢ is the strain, ¢ is the apparent stress, E;, E, are the fibre direction and perpen-
dicular to the fibre moduli, G, refers to in-plane shear modulus, v,,v,, are the in-plane
Poisson’s ratios, and d’,,dc,din ,d";l, are damage variables for fibre and matrix in tension
and compression. Noticeably, the shear damage variable is not an independent value but is
described in terms of the remaining damage variables.

The d, d<, d;n ,d; , that describe the fibre and matrix damage in tension and compression
refers to the four damage initiation modes Eqgs. 1, 2, 3 and 4. Since each material point is
either in tension or compression, the four damage variables may reduce to two variables as
follows:

L | ity 20
7= diiy, <0 ©)

d ifo,, >0
= m -
A { d iy, < 0 (10)
Effective stress (11) must be introduced instead of nominal stress to enable usage of the
damage evolution criteria. The same Eqs. 1, 2, 3, and 4 are used in the criteria. The effec-
tive stress is described as:

o=M"':0 (11)
Where M is the damage operator:
1
e 00
M= 0 =) 0 (12)
1
0 0 =)

Before the damage initiation happens, the M operator is equal to identify matrix and
¢’ = 6. When damage initiation and evolution occur for at least one mode, the damage
operator becomes significant in the criteria for damage initiation of other modes [32, 33].

In the context of patterns in filament-wound cylinders, the aim of this work is to investi-
gate the importance of the novel approach to ‘zig-zag’ area modelling with the use of finite
element method. A described in the next chapter script is used to generate the characteristic
area and the non-linear analysis of radial compression is performed. The numerical predic-
tions are compared with experimental results obtained by of Lisoba et al. [34]. The aim of
this paper is to describe a more precise way of carrying out numerical simulations of com-
pressed winded tubes or vessels.

3 Wound Pipes Properties Determination
The geometry of wound pipes is quite complicated. Preparation of geometric model

request line projection on the cylindrical surfaces. The more bands are used, the more
projections are needed. The number of used bands for one pipe can vary from few to
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several dozens. This is the reason why researchers used to simplify models which split
the surface of the pipe to triangles or even just consider plain tube with lamina material
assigned. These approaches do not take into account the zig-zag area, which leads to
some discrepancy with fabricated pipes. However, by using scripting, it is possible to
generate a precise model in which the material can be independently assigned to every
single diamond. This is a more realistic approach — exemplary triangle used in past
research is shown with the new precise assigning method in Fig. 3.

In the purpose of checking the influence of different parameters on the strength of
wound pipes, python script for Abaqus was prepared. Using python scripting language
one can replace whole pre-processing traditionally made in Abaqus-CAE (with GUI).
Thus it is possible to automatize the entire process of simulation and consider a large
group of different input parameters. The workflow of this script is presented in Fig. 4.

The geometry of bands is created using line projection on the cylindrical surface of
the pipe. First datum points are created based on winding angle and number of bands.
Then imaginary segment between each pair of consecutive points from the same band
is projected on the surface and used as a partition tool. The idea of this operation is
simple but even for reasonably small models, i.e. 100 mm length pipe with 24 bands and
winding angle 60° number of such operations is above 3000. The result of this process is
presented in Fig. 5 the cylindrical surface is split into diamonds.

After a geometrical model is finished, the material is assigned in such a manner that stack-
ing sequence in every single diamond corresponds with reality. This means that there is a need
to investigate how the material is oriented in the lower and upper layer. In Fig. 6 (left) half of
the winding cycle can be observed— i.e. band is wound from one side to another. In the right
picture, there is a whole single cycle i.e. the band is wound from one side to another and back
again — one cycle of the layer. This is the reason for forming diamonds in a prepared model.

Depending on a different pattern i.e. an order in which subsequent bands are wound)
material should be assigned in various ways. Exemplary patterns are presented in
Fig. 7 in the left there is a 2/1 pattern and in the right there is 7/1 pattern for the tube
with 50.4 mm diameters and 100 mm length.

The material is defined as a composite layup, which allows assigning a few layers of
materials, which can be oriented independently of each other. Both layers are defined
using lamina material type — what allows to define Young Modulus in fibre direction
and perpendicular to them, Poisson’s coefficient and Kirchhoff Modulus in all three
directions. Typically used in this research ply stack sequence and orientations is pre-
sented in Fig. 8.

Fig. 3 Possible simplification of
material assignation (right) and
zig-zag area (left)
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Fig.5 Representation of bands arrangement on the geometrical model of the tube. Yellow datum points
were used to define line projections onto a cylindrical surface

The definition of finite element mesh is affected by previous steps. All datum points
that were used to define geometry must be considered as nodes in the final model.
This is a reason why a finite element mesh can cause some divergence problem later.
Depending on preliminary simulations, quad-dominated or tri mesh elements were cho-
sen. Additionally, element viscosity was regulated between le-5 and le-3. If divergence
in simulation is judged unlikely, a mesh is refined automatically. The script gives a few
possibilities of boundary conditions representing different loading cases — internal pres-
sure, radial compression and longitudinal compression. When the numerical model is
prepared, the input file is generated. In the next step, the numerical simulations are con-
ducted using Simulia Abaqus Solver [35]. Results are automatically obtained and saved
as a text file.

In the current research, the behaviour of composite wound pipes under radial compres-
sion loading was investigated. The experimental results as well as the material and geometri-
cal data were derived from the experimental research team (Lisdba et al. [34] and Dalibor
et. al. [36]). In Fig. 9 the most important geometric parameters are presented. Some of them
can vary between model — especially thickness which in manufactured pipes, depends on the
degree of covering. The width of the band is the same for all model (all patterns), but the
number of bands differs.

Fig. 6 Half cycle of winding (left) and a single cycle of winding (right)
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Fig. 7 Different patterns 2/1 (left) and7/1 (right)

Pipes were manufactured using Toray T700-12 K-50C carbon fibre and UF3369 [34].
As mentioned before, this material was defined as lamina type — 6 needed engineering con-
stants are presented in Table 1. The Hashin criterion to model damage process in pipes
was implemented. Data used in the simulation can be found in Table 2. Finally, (Table 3)
fracture energy for tension and compression were set based on typical values for this kind
of composite materials found in the literature [33, 37].

Wound pipes can be loaded in various ways. Experimental tests reflect real loading
conditions. Most popular tests are pressure burst test, radial compression and longitudinal
compression. In this paper, radial compression was taken into account. Experimentally it
is realized by using two stiff plates which compress the pipe. The tests were performed
on and Instron Universal testing machine 3382 in accordance with recommendations of
ASTM D2412 by Lisoba et al. [34]. Boundary conditions used in simulations reflect this
approach — two rigid body plates are used and the simulation is displacement-driven. In
Fig. 10, boundary conditions used in simulations are presented.

Preliminary simulations conducted during the research showed that mesh size has
some influence on obtained results. A mesh sensitivity study was realized for a few arbi-
trary chosen mesh size until convergence is achieved. In Fig. 11, results of this analysis

Fig. 8 Ply stack plot of composite (winding angle 60°)
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Fig.9 Important geometric parameters of numerical models

are presented — maximum force and the displacement at the failure were used to found
proper mesh size. Based on this analysis, the maximum element size of 2 mm leads to
convergence.

Based on presented above preliminary studies mesh size of 1.4 mm was chosen as right
choice in term of time-consuming and reliability. Quadratic quadrilateral elements of type
S8R as well as quadratic triangular elements of type STRI65 were used to create the dis-
crete model of the pipe. In case of plates (which were modelled as a rigid body) linear
quadrilateral elements of type R3D4 were used.

4 Results and Discussion

Based on the presented geometrical and material data simulations of pipes with pat-
terns from 1/1 to 7/1 were conducted. The python script was used to create geometry
and numerical model. Next, Abaqus solver was used to simulate the radial compression.
In Fig. 12, force—displacement curve is presented for pattern 1/1 (with the lowest num-
ber of interlaces). Curve obtained from simulation (red colour) is presented along with
experimental results from Lisbda et al. [34] to enable comparisons.

In Fig. 13 results for the rest of patterns (from 2/1 to 7/1) are presented (red curves)
along with experimental data [34].

Pattern 1/1 (Fig. 12, Fig. 13): The elastic part of the curve reflects almost ideally the
experiment. Due to the lack of delamination and more smooth stiffness degradation, there

Fig. 10 Boundary conditions 4[
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Fig. 11 Mesh sensitivity analysis breaking force as a function of mesh size (left) and breaking displacement
as a function of mesh size (right)

is no “sawtooth” effect. In the experiment, the significant drop in the loading force was
caused by substantial delamination. Therefore, the simulation did not indicate these drop
and the force increased until Hashin failure criteria were satisfied, which happened around
18 mm of displacement. However, even without “sawtooth” effect, the damage was gradu-
ally indicated in the simulation, which led to similar value of maximum force.

Pattern 2/1 and 3/1 (Fig. 13a, Fig. 13b): The experiment and simulation showed almost
linear behavior up to 8 mm. For 2/1 pattern the damage presented also the “sawtooth” effect,
both before and after the point of the maximum force. In the case of 3/1, a more smooth deg-
radation was observed. The numerical analyses followed the experimental curves, however,
without the sudden drops of the reaction force. Instead, a typical for these kind of composite
materials simulation with Hashin failure criteria gradual damage was obtained.

Pattern 4/1 and 6/1 (Fig. 13c, Fig. 13e): Similar to patterns 2/1 and 3/1 in both experi-
ment and simulation the stiffness of tube was gradually decreased. However, in the case of
4/1 a few experimental specimens presented a higher maximum force, but with dramatic
drop of the stiffness. The rest started with a gradual damage, similar to the behavior in
the simulation and to the specimens for 2/1 and 3/1 patterns. For 6/1 the discrepancy in

Fig. 12 Force—displacement 1000
curve for pipe with 1/1 pattern
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Fig. 13 Force displacement curves from compression of pipes with patterns from 2/1 to 7/1

experimental occurred in the same way, but with longer gradual damage before a dramatic
drop in the reaction force. The simulation, however, fits between the experimental variance.

Pattern 5/1 and 7/1 (Fig. 13d, Fig. 13f ) No both cases the specimens exhibit the high-
est maximum forces with almost linear behavior up to the fracture and dramatic drop of
load-carrying. These effect is probably caused by significantly higher degree of coverage
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Fig. 14 Comparison of maximum forces in experiment and simulation regarding a specific pattern (n/1)

in these two cases (112.5% and 120.2%) in comparison to i.e. pattern 2/1 or 3/1 with 104%.
The excessive volume of the composite causes that the neighboring yarns overlap each
other. Therefore, this additional inter weavings might act as a physical barrier for the dam-
age of the composite.

The summary comparison of the two specific values of the experiment, maximum force
and displacement at the maximum force, is shown in Fig. 14 and Fig. 15. In general, a very
satisfactory agreement was found in the cases of patterns 1/1, 2/1, 3/1, 4/1 and 6/1, both
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Fig. 15 Comparison of the displacement at which failure occurred in experiment and simulation regarding a
specific pattern (n/1)
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a d

(P

elipsoidal shape kinking

Fig. 16 Change of geometry during compression test pipe with pattern 3/1. a) pipe before compression b)
during damage process forming of folds ¢) geometry when rapture damage occurs with kinking of fibres d)
geometry after 25 mm of compressions

in maximum force and the displacement at that force. However, as mentioned above, the
experimental maximum forces in patters 5/1 and 7/1 exceeded the numerical ones because
of values of degree of coverage.(See. Fig. 19)

Independently from the pattern, it is possible to point characteristic changes in pipe
geometry. The pipes have a circular section at the beginning (Fig. 16a), but during the
compression their shape becomes more elliptical. Small folds show up at the outer part of
contact between pipe surface and plates (Fig. 16b). At the moment of rupture decrease in
force, kinking of fibres is observable (Fig. 16¢). More kinking and growth of pockets are
present in the final phase.

In Fig. 17 the change of radial deflection (in a cylindrical coordinate system) for pipe
with pattern 3/1 after 25 mm of compression is shown. The change of the shape was simi-
lar for other patterns (cf. Fig. 16d).

Fibre compression is a dominant reason for damage in the last phase of the test. It
occurs in the place when kinking is observable (cf. Fig. 16¢, d). This is the place where
compressive stresses have maximum values. Field of stresses in fibre direction is presented
in Fig. 18. It is worth to notice that the zig-zag area affect the stress field. The line of maxi-
mum damage is also affected by this as it is shown in Fig. 20.

In Fig. 19 different phases of the damage behaviour of fiber compression are shown.
First damage occurs in the triangle area, on the borders of the laminate area. Then, the
damage is observed in the “zig-zag” area.

U, U1 (AT:CSYS-1)

Fig. 17 Change of radial deflection (pipe with pattern 3/1 after 25 mm of compression)
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Fig. 18 Stress field in the fiber direction
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Fig. 19 Fiber compression damage fields in different displacement steps: 0 mm (a), 15 mm (b), 17.5 mm
(c), 20 mm (d)
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Table 1 .-Elastlc properties of E,[MPa) E,[MPa]l v[-]1 G,[MPa]l G;[MPa]l G,3[MPa]
composite

153000 12200 0.34 5900 5900 2100

Table 2 - Strengths of material in a longitudinal, transverse direction and in-plane shear strength

X,[MPa X.[MPa) Y,[MPa) Y, [MPa) S,,[MPa) Sy, [MPa]

1822 890 69.9 153 75.7 70

Table 3 - Fracture energy in tension (t) and compression (c) for longitudinal (1) and transverse (2) direction

a2 2] 2] 20

89.8 78.3 0.8 0.8

Figure 20 presents in detail the “zig-zag” area for the tube with 3/1 pattern.

The rest of damage modes for 3/1 patterns are presented for the displacement of 18 mm
(at the maximum force) in Fig. 21. It is noticeable, that the damage in matrix plays also a
significant role. Nevertheless, damage fields are more smooth and uniform, without such a
big influence of the pattern geometry.

To sum up, the analysis of numerical simulations carried out for different patterns
as well as available experimental data shows that the mechanism of damage in com-
pressed filament-wound tubes are based on several stages. Firstly, damage of matrix
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Fig.21 Damage fields in pattern 3/1 at the displacement of 18 mm (at maximum force) for fiber compression
(a), fiber tension (b), matrix compression (¢) and matrix tension (d)
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causes gradual lowering of stiffness. It can be observed in the force—displacement
curves as a deviation from linear characteristic after first several millimeters. Then
in the next stage — the final damage occurs when fibers start to kink as an effect of
compression in the side areas. These behavior is also observed in both simulation and
experimental data. However, in the case of tubes with high level of coverage degree
i.e. 7/1 pattern with the covering over 120%, there is additional stiffening effect. This
effect causes fast grow of force and then rupture breaking.

5 Conclusions

A numerical study of the filament-wound pipes under radial compression was conducted.
A finite element model was developed to reflect the material distribution with respect to
the winding pattern. In order to implement the progressive damage Hashin model was
used. The numerical simulations were compared with the experimental data obtained by
Lisboa et al. [34].

The following conclusions were established:

e The simulations reflected the experiment with a good agreement. The implemented the
“zig-zag” area influences the stress distribution resulting in a less homogeneous stress
field. Especially, regarding the fiber tension and compression damage modes.

e The main cause of the damage during simulations is fiber compression in the side area
analogical to experimental tests. The first signs of this process were found in triangles
and the “zig-zag” areas similar to real tests. This observation proves that the “zig-zag”
zone should be taken into consideration during numerical simulations.

e The higher value of thickness reflects the degree of covering in the simulation. Nev-
ertheless, this is not the only effect. In a real filament-wound pipe, the additional
“portion” of the composite is performed as an overlap of the neighboring bands. This
overlap, indeed, results in an additional number of interweavings and rise in general
stiffness in the elastic part of load—displacement curve. Therefore, the impact of pattern
number should be analyzed with the degree of covering as close to 100% as possible.

e The implemented Hashin criteria reflected the failure of the pipes with a good predic-
tion especially in the case of lower degree of coverage. Nevertheless, since the delami-
nation failure mode is not considered, the characteristic drops in experimental results
could not be achieved in the simulation.

e The cases with higher degree of freedom exhibited a dramatic, rapture loose of stiff-
ness after the maximum force obtained. These occurred in tubes with pattern 5/1, 7/1
and partially in 4/1. It indicates, that even if there is a significant gain in the maximum
force, a less predictable and safe failure occurs.

e Taking into consideration the practical aspect of the investigation, one may find it ben-
eficial to more properly simulate the behavior of filament-wound pipes so as to shorten
an expensive and time-consuming experimental campaign.
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