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a b s t r a c t

It is presented in this paper a characterization of the viscoelastic mechanical response of short-fiber
reinforced thermoplastic tubes. The tubes are manufactured by helical winding of a composite made
of high-density polyethylene with short glass-fibers as reinforcement. The mechanical behavior of the
composite lamina is characterized by means of monotonic and loading/unloading tensile tests at
different deformation rates for specimens extracted in the axial and circumferential directions of the
tube. Based on the experimental results, a three-dimensional Maxwell model with eight parameters, five
to describe the elastic anisotropy response and three to describe the incompressible-isotropic visco-
plastic response, is proposed. The comparison of the model results with the experimental data shows
that the model properly captures the material non-linear anisotropic behavior. The only exception is the
unloading of the specimens in the circumferential direction, for which the final deformation after the
complete unloading is largely overestimated. The model is implemented as part of a finite element code
and validated by comparison to experimental measurements of a full-scale test that combines the
bending and punching of a tube. The proposed non-linear model for the reinforced polyethylene con-
stitutes a step forward with respect to the classical linear-elastic analysis used for tubes.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The use of thermoplastics in the industry has been growing
considerably thanks to their good and versatile properties and low
cost in relation with others materials. These wide ranges of prop-
erties are due to many factors: chemical composition (e.g. poly-
ethylene and polypropylene), polymerization conditions (e.g. high
and low density polyethylene) and manufacturing methods (e.g.
extrusion andmolding), among others. Furthermore, thermoplastic
matrices can be combined with fiber reinforcements (e.g. glass,
carbon, aramid, etc.) to produce composite materials with
outstanding mechanical properties.

Short-fiber reinforced plastics present, in general, some isotropy
that depends on the fiber orientation. Typically, reinforced plastics
are considered to be transversally isotropic in the case the fibers are
unidirectional; or isotropic when the fibers are randomly oriented.
The mechanical responses of the reinforced plastics combine non-
no).
linear elastic, inelastic and strain-rate sensitive behaviors. Such
complex behaviors make reinforced plastics difficult to charac-
terize, and due to this, they constitute a busy topic of research
[1e5].

A number of approaches are proposed to model the mechanical
behaviors of fiber-reinforced materials. In what respect to the
elastic behavior, the simplest models are the series, parallel, Hirch,
Halpin-Tsai, modified Halpin-Tsai, Cox and modified Bowyer and
Bader. Although these models have been extensively applied, it was
found that they are only useful to estimate some tensile properties
[1e5]. More general elastic models include a distribution function
for the fiber orientations. In particular, Hamed et al. [8] introduce a
method for the elastic characterization of angle-ply laminate and
filament wound tubes. These models can represent the anisotropy
but not the viscoelastic behavior [6,7]. One of the simplest models
that incorporate viscoelastic behavior is that due toMaxwell, which
has the elastic and viscous elements in series. Maxwell models
allow predicting viscoelastic responses with quite close agreements
to experimental results [9e13]. Nevertheless, due to the many pa-
rameters involved, Maxwell models are difficult to implement and
to calibrate, and thus its industrial applicability is limited.
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This paper addresses the characterization of the viscoelastic
mechanical response of short-fiber reinforced thermoplastic tubes.
The tubes are manufactured by helical winding of a composite
made of high-density polyethylene (HDPE) with short glass-fibers
as reinforcement.

These tubes can be used for a variety of different applications
includingmining tailings transport, submarine outfalls, pipelines in
roads and drains. A material model is developed based on experi-
mental data. The model is implemented as part of a finite element
code, which is validated by comparison to measurements practiced
as part of full-scale test that combines the bending and punching of
a tube. This test mimics loading conditions that usually occur
during the installation, assembly and service of the tubes.

2. Material characterization

2.1. Material and methods

The material under study is a reinforced polyethylene provided
by Krah Chile [14]. The reinforcement consists in 20% in-weight of
short glass-fibers. The fibers were manufactured by extrusion fol-
lowed by wire drawing. Their average diameter is 10 mm and they
are 3 mm long. The specimens were obtained from a helically
wounded 1000-mm-diameter tube. The tube was fabricated using
three 6-mm-thick laminas with the stacking sequence [�4,þ4,�4],
being 4 ¼ 82� measured with respect to the longitudinal direction
of the tube, x1, see Fig. 1a. The laminas were obtained from extru-
sion and, therefore, the fiber should orientate preferentially in the
flow direction [15,16]. The direction of the fiber orientation is
denoted as x1 in the lamina system of coordinates, see Fig. 1b.

Tensile tests were performed using type-I specimens in accor-
dance to ASTM D638 [17]. The dimensions of the calibrated section
of the specimens were 6 mm and 12 mm. Three sets of specimens
were extracted from the middle zone of the tube thickness: lon-
gitudinal specimens with their widths in the circumferential di-
rection (specimens labeled as LC), circumferential specimens with
their widths in the longitudinal direction (specimens labeled as CL)
and longitudinal specimens with their widths in the radial direc-
tion (specimens labeled as LR). Note that, consistently with the
specimen width, the LC and CL specimens spread over a single
lamina (that oriented þ4), whereas the LR specimens spread over
three laminas (this is, half the lamina oriented e4, the complete
lamina oriented þ4, and half the lamina oriented e4). The
assumption on the preferential orientation of the fibers was
confirmed by SEM observations. Specimens were taken from the
fracture surfaces, gold plated and observed with a JEOL JSM 5300
(Jeol Ltd., Tokyo, Jap�on) equipped with the ADDA II interface and
the AnalySIS software. The picture in Fig. 2 for the fracture surface
of a LC specimen clearly shows the preferential orientation of the
fibers.

The specimen deformations were measured by means of clip-
gauge extensometer and digital image correlation (DIC). Comple-
mentary verification measurements of the evolution of the spec-
imen width during the test were done using a manual electronic
caliper. A 2630 Series Instron static clip-on extensometer was used
to measure the longitudinal deformation. DIC measurements were
performed using an in-house developed set-up based on a Canon
EOS Rebel XSI 12.2-megapixel digital camera and the displacement
correlation and tracking software due to Eberl [18]. This software
uses the zero-normalized cross-correlation criterion [19] and rea-
ches a sub-pixel resolution using peak-finding algorithm [20]. The
software capabilities were extended to compute the strains via the
differentiation of the displacement fields by means of a point-wise
least squares algorithm [21]. The caliper was a Series 500 Mitutoyo.

Specimens LC and CL were subjected to monotonic tensile load
up to rupture, and to loading/unloading cycles. The tests were
carried out by controlling the crosshead speed displacement. Three
velocities were used, v ¼ 0.1, 1 and 10 mm/min. Three specimens
were test in each case. All the specimens were instrumented with
the clip-gauge extensometer to measure the longitudinal defor-
mation. Extra sets of LC and LR specimens were tested in tension
at v¼ 1 mm/min while monitored with the DIC. The DIC data was
used to retrieve the Poisson's ratios. The computation of the Pois-
son's ratios using a single set of data is sustained on the evidence
about the independence of this material property with the defor-
mation rate [22].

2.2. Results

2.2.1. Monotonic tensile tests up to rupture
The average stress-strain responses of the LC and CL specimens

for the three crosshead-velocities are shown in Fig. 3. The
maximum standard errors for the stressesmeasurements are 2MPa
and 5 MPa for the longitudinal and transversal specimens,
respectively.

As it was expected, the maximum values for the strength and
stiffness are in the circumferential direction, which is closer to the
orientation of the fibers. The elastic compliances of the specimens
(the slope of the stress-strain curves at zero strain) are found in-
dependent of the deformation rate. The uniaxial stiffness for the
longitudinal and circumferential specimens are Cexp

11 ¼ 2:52 MPa
and Cexp

22 ¼ 4:7 MPa, respectively. The errors are estimated in 10%
for both cases.

The tensile strength increases with the strain-rate. This behavior
is in coincidence to those reported by other authors [23,24].

The results for the Poisson's ratios as a function of strain are
shown in Figs. 4e6. Fig. 4 shows the results for the Poisson's ratio
n13, which were computed using the strain data of the LR ex-
periments. A very good agreement can be observed between the
results from the DIC and the caliper. The difference between the
two sets of results is of the same order of data dispersion among
the specimens. Figs. 5 and 6 present the results for n21 and n12,
which were computed using the data from CL and LC tests,
respectively.

2.2.2. Loading/unloading tests
Fig. 7 shows the average cyclic stressestrain curves of the LC

specimens, which were loaded up to 1200 N and then unloaded.
Similarly, Fig. 8 shows the stress-strain responses for the CL spec-
imens. In this case, the specimens were loaded up to 4000 N and
then unloaded. The maximum standard errors of the measure-
ments are the same of those reported for the monotonic tensile
tests.

Figs. 7 and 8 clearly exhibit the hysteresis of the material due to
its viscous behavior. It can be observed that the higher the strain-
rate, the lower the hysteresis. Besides, the hysteresis is larger in
the transversal than in the longitudinal direction. The dependency
of the stress rate _s with the stress s is shown in Figs. 9 and 10,
whichwere computed from the results in Figs. 7 and 8, respectively.
It can be observed that exist acceptable linear relationships be-
tween the two variables.

The above result suggests that the material response can be
assimilated to that of a Maxwell series model [9],

_eii ¼ deDii
dt

þ deSii
dt

¼ sii

hi
þ _sii
Cii

; (1)

where _e is the total strain rate and deS/dt and deD/dt are its viscous
and elastic components, respectively. The symbol h denotes the
viscosity.



Fig. 1. a) Global coordinate system for the tube, b) local coordinate systems for the transversal isotropic lamina, and c) locations of the specimens.
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Data fitting using the one-dimensional Maxwell model in (1)
allowed obtaining a unique linear lneln correlation between the
viscosity and the total strain-rate for both, the longitudinal and the
circumferential specimens. This result is plotted in Fig. 11.
3. Constitutive model

Based on the experimental results in Section 2, it is proposed
here to describe the behavior of the composite using a three-
dimensional Maxwell model. The model is tailored to account for



Fig. 2. SEM image (magnification �35, voltage 20 kV) of the fracture surface of a
longitudinal specimen showing the uniform orientation of the fibers.
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Fig. 3. Mechanical behavior of LC and CL specimens subjected to tension at different
crosshead velocities.

Fig. 4. Results for the Poisson's ratio n13 computed using the strain results of the LR
specimens. Open symbols are for data measured using the electronic caliper and closed
symbols using DIC.

Fig. 5. Results for the Poisson's ratio n12 computed using the strain results of the LC
specimens. Data measured using DIC.

Fig. 6. Results for the Poisson's ratio n21 computed using the strain results of the CL
specimens. Data measured using the electronic caliper.
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the elastic anisotropy while the viscous behavior is specified using
an incompressible-isotropic viscoplastic Newton flow.

3.1. Stressestrain law

The following stressestrain relationship is adopted [25]:

s ¼ C : ðe� evÞ; (2)

where s is the Cauchy stress tensor, C is the elastic constitutive
tensor and e¼½(1�FTF�1) is the Almansi strain tensor with F being
the deformation gradient tensor. The superscript v stands for the
viscous component of the deformation.

The evolution of the internal variable ev is defined within the
associate rate-dependent viscoplasticity theory context as

LvðevÞ ¼ l

�
vF
vs

�
; (3)

where Lv is the Lie derivative (frame-indifferent), l is the visco-
plastic parameter, and F(s) is the plastic flow potential. Pure
viscoelasticity is recovered by assuming:

l ¼ F
h
; (4)

together with

F ¼ seq ¼
ffiffiffiffiffiffiffi
3J2

p
� 0; (5)

where seq is the von Mises equivalent stress and J2 ¼ ½(s,:s,) is the
second invariant of the deviatoric stress, s0¼s�pI, with I being the
identity tensor and p¼ 1/3tr(s) the pressure with tr($) being the
trace operator.
3.2. Transversal isotropic elastic response

The elastic response of the lamina is assumed to be transversally
isotropic, with the plane of isotropy, x2x3, perpendicular to the di-
rection of the fibers, x1 (see Fig. 1b). Thus, the lamina compliance
matrix in the local coordinate system expressed in the Voigt no-
tation is



Fig. 7. Mechanical behavior of LC specimens subjected to cyclic test at a) 10 mm/min,
b) 1 mm/min and c) 0.1 mm/min crosshead velocities.

Fig. 8. Mechanical behavior of CL specimens subjected to cyclic test to a) 10 mm/min,
b) 1 mm/min and c) 0.1 mm/min crosshead velocities.
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(6)

where E0ii, G
0
ij and n0ij are the lamina Young's moduli, shear moduli

and Poisson's ratios, respectively (note that only five elastic con-
stants are necessary to describe a transversely isotropic material).
The elastic constitutive tensor is the inverse of the compliance
matrix, C

0 ¼ D
0¡1, which can be transformed to the tube coordinate

system using standard procedures for fourth-order tensors,

Cpqrs ¼ ApjAqkArlArmC0
jklm; (7)

where A is the rotation matrix, which for the present case is

A ¼
2
4 cosðqÞ �sinðqÞ 0
sinðqÞ cosðqÞ 0

0 0 1

3
5; (8)

where q ¼ þ4,�4 depending on the lamina being considered (see
Section 3.1).
3.3. Viscous response

Based on the results in Section 2.2.2, the viscous response is
assumed isotropic with the viscosity h being a function of the
strain-rate with the following expression:



Fig. 9. Stress-rate versus stress for the LC specimens at a) 10 mm/min, b) 1 mm/min
and c) 0.1 mm/min crosshead velocities.

Fig. 10. Stress-rate versus stress for the CL specimens at a) 10 mm/min, b) 1 mm/min
and c) 0.1 mm/min crosshead velocities.

Fig. 11. Linear lneln relation between the viscosity and the total strain-rate in the
longitudinal and circumferential directions.
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h
�
_eeq

� ¼ He�b ln _eeq � hmax; (9)

where H and b are material parameters, hmax is a cut-off value
aimed at describing the viscous response for nearly zero strain-
rates and _eeq is the equivalent strain-rate which, in this context, is
defined as:

_eeq ¼ s : LvðeÞ
seq

: (10)

3.4. Estimation of the constitutive material constants

Assuming that _e is constant in the tensile tests shown in Section
2, we retrieve the Maxwell model in equation (1), which can be
rewritten as:

_sii ¼ �Cii
h
sii þ Cii _e: (11)
The main feature of equation (11) is the linear relationship be-
tween _s and s, which does not depend on the initial strain. Then,
by adopting the lneln relationship between viscosity and strain-
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rate in equation (9), and the compliance matrix of the lamina C, the
uniaxial stress tensile responses for longitudinal and circumferen-
tial specimens can be described using

_s11 ¼ �C11
s11

He�b ln _eeq
þ C11 _e11 (12)

and

_s22 ¼ �C22
s22

He�b ln _eeq
þ C22 _e22; (13)

respectively. It is important to highlight that all the elastic and
viscous properties of the lamina are present and coupled in equa-
tions (12) and (13).

The lamina elastic constants, Cij, and the constants related to the
viscous response, H, b and hmax, were recovered via the minimi-
zation of the squared differences between the experimental and
the model predictions. Thus, the minimizing function was set as

R ¼
X

LC;CL;LR

"X
vj

�
_sexp � _s

�2#2 þw
X

LC;CL;LR

"X
vj

�
eexp � e

�2#2
;

(14)

where the summations over LC, CL and LR stands for the three
specimen types and summation over vj stands for the three cross-
head velocities. The weighting constant was chosen w¼ E11/Dt,
where Dt¼ 0.125 s was the sampling interval. The evaluation of R
for the complete set of results involved around 380,000 data points.
The function R was minimized using the optimization software
AMPL/Minos [26]. The resulting estimations for the material con-
stants are presented in Table 1.
�:
4. Discussion

The values of the constitutive material constants estimated in
Section 3.4 are verified by comparison with the experimental re-
sults. In what respect to the elastic response, the constants in
Table 1 are replaced into equation (6) to compute the compliance
tensor in the lamina coordinate system, D

0
, which is inverted to

obtain the stiffness tensor, C
0
, and then rotated using equation (7) to

refer it to the tube reference system. The resulting stiffness tensor
in the tube reference system is

C ¼

2
6666664

3:211 1:226 2:346 0 0 0:444
1:226 4:851 1:153 0 0 �0:915
2:346 1:153 3:275 0 0 0:342
0 0 0 0:862 �0:057 0
0 0 0 �0:057 0:461 0

0:444 �0:915 0:342 0 0 1:260

3
7777775
½GPa

(15)

It can be observed that, when compared to the experimental
values reported in Section 2.2.1, the difference in C11 is 27%, while
Table 1
Estimated constitutive constants of the lamina.

E011 [GPa] 4.53
E022 [GPa] 1.54
G0
12 [GPa] 0.87

n012 0.2
n023 0.7
H [MPa s] 1260
b 0.72
hmax [MPa s] 107
for C22 it is only 3.2%.
The Poisson's ratios can be computed as follows

n13 ¼ �D13

D11
¼ 0:63; (16)

n12 ¼ �D12

D11
¼ 0:16 (17)

and

n21 ¼ �D21

D22
¼ 0:38: (18)

The above results are included in Figs. 4e6. It can be observed
that there is a good agreement between the computed and exper-
imental values. Deviations between the computed values and the
average values of the experimental records are around 15% for the
three Poisson's ratios.

The experimental data and the model predictions for the
loading/unloading cycles are compared in Figs. 7 and 8 for the
longitudinal and circumferential specimens, respectively. It can be
observed that model captures the material anisotropic response.
With the only exception of the LC specimenwith crosshead velocity
v¼ 0.1 mm/min, maximum stresses and strains are predicted very
accurately. The model predictions for the LC specimens present
similar deviations from the experiments in the loading and
unloading portions of the curve. On the other hand, the predictions
for the CL specimens fit better for the loading portion of the curve.
It can be observed from Fig. 8 that the deviations of the model
predictions from the experiments are important for the final strain
after complete unloading; the model overestimates the experi-
mental measurements by a factor of around 2.4. The above results
put in evidence the anisotropic nature of the material viscoplastic
behavior.

Among the available options to compute the material constants
(this is, to add or remove data from the least-square fitting of R in
equation (16) in order to better fit the loading, unloading or both
portions of the curves), it was preferred in this work to give priority
to the loading, as it better conforms to the intended application in
next section.

Finally, we check the fitting for the linear relationship between
the stress rate and the stress. To this end, the model predictions are
added into Figs. 9 and 10. It can be observed that the model pro-
vides reasonable fittings of the experimental data. Maximum de-
viations occur at low stress levels.

Based on the above observations, it can be concluded that the
proposed viscoelastic model has the ability to capture the main
features of the material behavior and that it has been properly set-
up using the experimental data. The performance of the model is
validated in next section via the finite element modeling of an
application example.
5. Full-scale tests of a tube

A three-point-bending test of a fiber-reinforced tube was per-
formed to validate the model. The tube data is given in Table 2. Note
that the dimensions of the tube are different to those of the tube
used to extract the specimens for the material characterization. The
experimental setup is depicted in Fig. 12, while schematics of the
tests are given in Fig. 13.

The punch load was applied at the tube mid-length via a punch
and a hydraulic jack. The load was applied at a constant rate
_P ¼ 60 N=s during 900 s. Three deflectometers were instrumented:
two at the top to monitor the vertical displacement of the punch



Table 2
Tube data.

External diameter, [mm] Length [mm] Wall thickness [mm] Number of laminas Lamina stacking sequence

541 1900 16 3 [�82� ,þ82� ,�82�]

Fig. 12. Actual picture of the bending test used for validation.

Fig. 13. Schematics of the bending test: a) front, b) side, c) top and d) isometric views.
Dimensions are in mm.

Fig. 14. Experimental results for the time evolution of the load and the tube
displacements.
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(see positions A1 and A2 in Fig. 12), and one at the bottom to
monitor vertical displacement of the tube outer wall (see position B
in Fig. 12). The double measurement of the punch displacement is
intended to check the correct horizontal alignment of the punch.

The time evolution of the punch force and the displacements are
plot in Fig. 14. The three discontinuities in the curves are due to the
stops done to adjust the measuring range of the deflectometers.
The measurements recorded by both deflectometers at the top are
almost coincident, what indicates the correct alignment of the test.
On the other hand, the marked difference between the readings by
the of the top and bottom deflectometers puts in evidence that
predominant deformation behavior is due to the tube flattening.

The proposed material model was implemented into an in-
house developed finite element code, which has been extensively
validated in previous engineering applications [25]. The material
model was solved via an implicit radial return algorithmwritten in
the spatial configuration. The B-bar technique was used to handle
the incompressibility associated to the choice of the
incompressible-isotropic viscoplastic Newton flow for the trilinear
hexahedra elements. This is a standard approach to deal with iso-
choric models, and it actually means that the hydrostatic part of
viscoelastic stress tensor is controlled by the finite elements and
the boundary conditions instead of the constitutive model.

The tube material was modeled as homogenous, with the elastic
properties computed as follows:

C ¼ 1
3

X3
i¼1

Ci; (19)

where Ci are the stiffness matrix of the individual laminas
expressed in the tube reference system.

The problem geometry and boundary conditions are symmetric,
but the elastic material behavior is not because of the lamina
stacking angles, see Table 2. However, preliminary analysis per-
formed using symmetric (one quarter of the problem geometry)
and complete models exhibited virtually the same responses. This
suggested that the deviation from symmetry of the laminate elastic
response have negligible effects on the results of interest for this
study. Thus, in order to reduce the computational cost, only one
quarter of the tube geometry was modeled by applying the
appropriate boundary conditions over the symmetry planes.

The punch displacement was imposed according to the time-
history measured in the experiment. One hundred 10-s load in-
crements were used with this purpose.

The results of preliminary simulations showed that friction does
not play a significant role, and so, frictionless contact conditions
were specified at the punch-tube and support-tube interfaces. For
simplicity, perfectly rigid behaviors were assigned to the punch and
the support. The contact algorithm involves the use of non-
conforming discretizations to effectively account for the large
relative tangential displacements between the contacting surfaces,
a continuous search for potential contact regions, and the compu-
tation of the nodal contact forces via a penalty formulation that
enforces the impenetrability condition [25].

The tube was discretized using 8-node isoparametric hexahe-
dral elements, while the contact interfaces were discretized using
4-node quadrilaterals. The mesh was refined in the zones where



Fig. 16. Experimental and FEA results for the time evolution of the punch load.
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the largest strain gradients developed. As a result of a convergence
analysis, a mesh with 14,400 elements was used to retrieve the
results. This mesh has three elements in the direction of the tube
thickness and it is illustrated in Fig. 15.

Fig. 15b show the contours for the equivalent viscous defor-
mation and the von Mises stress at the final deformed configura-
tion. The equivalent viscous deformation contours were computed
via the time integration of

_eveq ¼ s : LvðevÞ
seq

: (20)

It can be observed that the deformation is highly localized in the
punch-loading zone. This is coherent with the flattening effect
mentioned early.

Fig. 16 compares experimental and FEA results for the time
evolution of the punch load. It can be observed that both curves are
nearly coincident up to 240 s. Then, after the first relaxation, the
model underestimates the load; whereas after the second relaxa-
tion, the model has a stiffer response, what inverts the tendency.
The two sets of results are nearly coincident by the time of the third
relaxation. It is noteworthy that although the above variations, the
difference between the two sets of results never exceeds 12%.

Fig. 17 compares experimental and FEA results for the punch
load in terms of the vertical displacement. In this case, there is a
very good agreement between the two sets of results up to the 45-
mm displacement; this is when the first relaxation occurred. From
this point on, and in agreement with the behavior observed in
Fig. 16, the model predicts a lower force because of the underesti-
mation of the material stiffness. Finally, this trend is inverted when
the third relaxation takes place and the model overestimates the
material stiffness. The maximum difference between the two sets
of results is 15%, and it occurs at the maximum load.

Finally, the equivalent strain and strain rate were monitored at
two points: below the punch and at the location of the maximum
strain; these positions are labeled A and B, respectively, in Fig. 15a.
The results are plot in Figs. 18 and 19. It can be observed that
although both points attain similar deformation levels, the defor-
mation rate at point B nearly doubles that of A. The deformation
rate at B rapidly increases during the second part of the test due to
the flattening of the tube. The results in these plots allow verifying
that neither the strain nor the strain rate attain values beyond the
range used for the development of the material model.

The results of this study show that the proposed constitutive
model is effective to simulate the mechanical behavior of the tubes
under monotonic loading conditions. Consequently it might be
Fig. 15. Deformed finite element discretization with the contour plots for the (a)
viscous deformation and (b) von Mises stress for the final deformed configuration
(900 s).

Fig. 18. Deformation histories for a point (A) below the punch and (B) at the location
that attains the maximum strain.
used for the analysis of practical situations like those associated
with the tube stacking, transport and in-situ assembly.
6. Conclusions

This paper addresses the characterization of the mechanical
response of short-fiber reinforced thermoplastic tubes. The tubes
are manufactured by helical winding of a composite made of high-
density polyethylene (HDPE) with short glass-fibers as reinforce-
ment. The mechanical behavior of the composite lamina was
characterized by means of monotonic and loading/unloading ten-
sile tests at different deformation rates. The tests were performed
on specimens extracted in the axial and circumferential directions
of the tube.
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The tests allowed observing that the material presents a visco-
elastic behavior. The elastic response is transversally isotropic, with
the isotropy plane perpendicular to the direction of the fibers; the
hysteresis effect diminisheswith the strain-rate; and thehysteresis is
larger in the transversal than in the longitudinal direction. There are,
for all the range of deformation strains studied, acceptable linear
correlationsbetween the stress and the stress-rate, anda linear lneln
correlation between the viscosity and the total strain-rate.

Based on the experimental results, a three-dimensional
Maxwell model is proposed for the laminas. The model is tailored
to account for the elastic anisotropy of the material while the
viscous behavior is defined via a non-linear isotropic law written in
terms of the strain-rate. This resultant model has eight parameters
(five for the elastic response and three for the viscous response),
which are retrieved from the test data via a least square fitting.

The comparison of the model results to the experimental data
shows that: the model predictions for the elastic specimen stiffness
is very accurate (differences around 3%) in the circumferential di-
rection (this is the direction nearly coincident with the direction of
the fibers) but there are important deviations (around 27%) for the
longitudinal direction. The predictions of the Poisson's ratios are
good; discrepancies between the model predictions and the test
data are around 15%. The model properly captures the non-linear
anisotropic material response under loading conditions;
maximum loads are predicted accurately. For the unloading con-
ditions, the model properly predicts the material response in the
longitudinal direction, but it results in important deviations from
the experimental measurements in the circumferential direction.
These results put in evidence the anisotropic nature of the material
viscoplastic behavior and thus provide valuable hints for the
further development of the model.

The model for the material behavior is validated by comparison
to experimental measurements for a full-scale test that combines
the bending and punching of a tube. To this end, the material model
was implemented as part of an in-house developed finite element
code. The results compare well in terms of forces and displace-
ments. Maximum discrepancies are around 15%. These discrep-
ancies are mainly attributed to the deficiencies of the model to
accurately reproduce the material behavior during unloading.

The non-linear characterization of the mechanical response of a
short-fiber reinforced polyethylene tube introduced in this work is
a step forward with respect to classical linear-elastic analyses. The
model has been developed bearing in mind the ease of application
for industrial problems. The model has the capability to capture the
main features of the material behavior under monotonic loading
conditions, it can be set-up using data from tensile tests, and it is
compatible for the implementation into standard finite element
codes.
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