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Abstract

A hypoelastic non-linear orthotropic material model was characterized for two
different PVC-coated polyesters from uniaxial tests in the warp, fill, and 45°
bias yarn directions. Ultimately the non-linear orthotropic material model fails
to capture the full behavior of PVC-coated polyester. Thus the determination
of material parameters depends upon which experimental response is the most
important for the model to capture. Two methods are presented for deter-
mining different parameters for the non-linear orthotropic material, such that
each method captures a particular aspect of the material’s response better than
the other method. The first approach derives the stiffness moduli as a func-
tion of strain from the experimental stress-strain response of the uniaxial tests.
The second approach utilizes an inverse analysis, powered by an optimization
routine, to find the best material parameters such that the experimental load-
displacement response is matched in the finite element (FE) model. Additional
the Poisson’s effect was investigated, and the transverse uniaxial behavior is
presented.

Keywords: mnon-linear orthotropic, inverse analysis, non-linear material model,
hypoelastic material

1. Introduction

Coated fabrics, such as PVC-coated polyester, or other technical woven tex-
tiles are used in membrane structures. The design of membrane structures often
requires some form of numerical analysis. PVC-coated polyester is generally
modeled as a plane stress linear orthotropic thin shell in finite element (FE)
analyses [1] [2] [3] [4], because modeling the fiber interactions for a complete
structure is too computationally expensive [5]. The linear orthtropic material
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1 INTRODUCTION

models have been widely used despite PVC-coated polyester fundamentally vi-
olating the plane-stress assumption used by conventional FE analyses [6]. A
non-linear material model may more accurately represent the complex behavior
of PVC-coated polyester. For this reason, a hypoelastic plane stress non-linear
orthotropic material model was selected for modeling PVC-coated polyester and
other complex composite materials.

PVC-coated polyester exhibits anisotropic behavior, however the material is
often simplified to behave as an orthotropic material[7]. The load-displacement
response of PVC-coated polyester is highly non-linear [§]. Galliot and Luchsinger
[9] defined a non-linear material model for PVC-coated polyester that was load-
ratio dependent, and determined from biaxial tests of varying load-ratios. Am-
broziak and Klosowski [10] took a different approach, and defined a tri-linear
orthotropic material model. The tri-linear model picked different stiffness mod-
uli based on the elemental strain values. Both of these material models offer
improvements over the traditional linear-elastic plane-stress orthotropic mate-
rial model for PVC-coated polyester, but are limited to only capturing some
representative response of the non-linear behavior.

A material model that may be an improvement from the previous work
exists in the NLELAST model definition of MSC Marc [11]. The NLELAST
model includes a simplified non-linear elastic orthotropic material model, which
may be suitable for modeling PVC-coated polyester. The material model is
a plane stress hypoelastic orthotropic material model for thin shell elements,
where the Young’s moduli (E; , Es), Poisson’s ratio (v12), and shear modulus
(G12) can be defined as functions of the strain component in their respective
directions. This hypoelastic non-linear orthotropic material model for PVC-
coated polyester may be useful in the design and analysis of structures that
may operate in the non-linear region, while potentially providing an improved
representation of the complex load-displacement behavior of the material.

With a material model chosen, the next step is to determine the appropriate
material model parameters. Inverse analyses can be a useful way to characterize
material parameters for the FE method. In this context, an inverse analysis is
the process of using numerical optimization techniques to determine the material
parameters such that a FE model matches the behavior of a physical test. One
benefit of an inverse analysis is that the material may be characterized with
a load state that is more complex than traditional uniaxial or biaxial testing.
Garbowski et al. [12] set up an inverse analysis to characterize paper samples
with an orthotropic elastic-plastic hardening model. A hole was cut in the
center of the biaxial samples to increase the inhomogeneous response of the
specimens. Modeling materials from a complex state may provide more insight
when modeling various composite structures.

In this investigation two PVC-coated polyesters are considered. The first is
the VALMEX® 7318 5340, and the second is Cape Coaters (Pty) Ltd CFO700T.
Two characterization methods are proposed to determine a non-linear orthotropic
material model. The direct method assumes a stress-strain conventional contin-
uum model, while the inverse method matches the materials load-displacement
behavior. At the start of the project it was unknown which method will pro-
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2 UNIAXIAL TESTS

duce a non-linear orthotropic material model that more accurately represents
the behavior of PVC-coated polyester. PVC-coated polyester violates the plane
stress and continuum assumptions. It was a concern that simply matching the
in plane stress-strain behavior is no guarantee that the load-displacement be-
havior will also be matched, and vice versa because of violations in the plane
stress and continuum assumptions.

The purpose of this paper is to provide two methods for characterizing a
material with the non-linear orthotropic material model. All the parameters
used for a non-linear orthotropic material model on two different types of PVC-
coated polyesters are presented in this paper. A direct method and an inverse
method were used to determine the material parameters. Poisson’s behavior of
the material is investigated, and the limitations of the non-linear orthotropic
material model are discussed.

2. Uniaxial tests

The properties of the two types of PVC-coated polyester tested are listed
in Table All of the properties provided, with the exception of the material
thickness, come directly from the manufacturer. The thickness was obtained
from the average of ten measurements taken on the uniaxial samples.

Table 1: Properties of the tested PVC-coated polyester.

VALMEX® 7318 CF0700T

warp tensile strength (ISO 1421 N/50mm) 3000 1600
fill tensile strength (ISO 1421 N/50mm) 3000 1350
grams per square meter (g/m?) 1000 700

thickness (mm) 0.81 0.55

Uniaxial tests were conducted for both PVC-coated polyesters in the mate-
rial warp, fill, and 45° bias yarn directions. For each material yarn direction,
five uniaxial tests were performed. The tests were performed following the
ASTM D751 standard[I3] cut strip test method on a MTS Criterion® 44. Test
specimens were prepared to be 25 mm in width and 175 mm in length. Clamps
30 mm wide were used to hold the specimens sufficiently flat and parallel during
the test. The distance between the clamps at the start of the test was 75 mm
as prescribed by the ASTM D751 standard.

Utilizing Digital Image Correlation (DIC)[I4][15], a virtual strain gauge was
used to track the displacement of the specimens. This virtual strain gauge
data was the only data considered in the characterization of the non-linear
orthotropic material parameters. Finite element (FE) models were constructed
to replicate the physical conditions of the uniaxial test. The results of the FE
models with the non-linear orthotropic material models were compared to the
physical behavior of the virtual strain gauges to demonstrate the effectiveness
of the material models.
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3 POISON’S RATIO

The DIC generates points on the surface of an uniaxial specimen in three
dimensions. Virtual strain gauges track the displacement between two points on
the surface of the uniaxial specimens. A single virtual strain gauge was placed
approximately in the center of each uniaxial test. The length of the various
strain gauges used can be seen in Table[2l The strain gauge lengths were chosen
to match points in the calculated full displacement field as best as possible,
attempting to avoid interpolation error. The difference in initial strain gauge
lengths resulted from subtle differences in the parameters used to calculate the
displacement field.

Table 2: Initial virtual strain gauge length [; for material test direction.

Direction I; (mm)
Warp 20.0
Fill 22.8
45° Bias 19.8

Three non-linear FE models were created in MSC Marc to replicate the
three distinct uniaxial tests in the warp, fill, and 45° bias material directions
respectively. Symmetry is utilized to simplify the uniaxial FE models in the warp
and fill directions. However, the 45° bias FE model could not take advantage
of reflective symmetry as the test produced an unsymmetrical displacement
field. The FE models of the warp and fill direction only model the area of the
virtual strain gauge, while the entire sample is modeled between the grips for
the 45° bias FE model because of the unsymmetrical response. The mesh used
for the warp uniaxial test is seen in Fig. [1} while a similar mesh is used in the
fill direction. The virtual strain gauge location on the 45° bias mesh can be
seen by the two green dots in the center of Fig.

The Young’s moduli (E; , E3), Poisson’s ratio (v12), and shear modulus
(G12) are defined as functions of the strain component in their respective di-
rection for the non-linear orthtropic material model. MSC Marc allows for the
material model to define Poisson’s ratio as a function of strain. However hav-
ing Poisson’s ratio as a function of strain presented a computational concern
for the inverse problem, specifically how to determine this function. Thus it
was assumed that Poisson’s ratio was to be a fixed constant. The next section
explains how the Poisson’s ratio was determined.

3. Poison’s ratio

The Poisson’s ratio (12) can be expressed as the ratio of the negative trans-
verse strain to the axial strain for a uniaxial test in the warp direction. It is
possible to add an additional virtual strain gauge in the transverse direction to
approximate the Poisson’s ratio of the PVC-coated polyester from the uniaxial
tests. A transverse strain gauge was added to every uniaxial test, with a length
of 15.0 mm. The length was chosen to avoid edge effects, while still being large
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Figure 1: Symmetric FE mesh of the warp uniaxial test with boundary conditions.
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Figure 2: 45° bias uniaxial test FE mesh with boundary conditions and virtual strain gauge
indicated by the green dots in the center of the mesh.

enough to capture the transverse response. Only v1o is needed to define the
Poisson’s ratio for a constant thickness orthotropic material model, as 9 is
s determined through the material model. We can use the test results from the
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3 POISON’S RATIO

uniaxial warp direction to approximate Poisson’s ratio, because we have set up
the material warp direction to align with the primary direction in our material
model.

The Poisson’s ratio was calculated for the VALMEX® 7318 and CF0700T at
various loads of the warp uniaxial tests. The results are presented in Figs. [3|and 4]
It can be noted that the Poisson’s ratio varies as the load of the material changes.
There is extremely large variation between tests in the determined Poisson’s ra-
tios. A rudimentary approach was taken to deal with this variation, by simply
taking the average Poisson’s ratio v1o from the warp tests. It was then as-
sumed that this average Poisson’s ratio was a constant in the numerical models.
The average Poisson’s ratio of the VALMEX® 7318 was found to be 0.136,
while 0.072 was the average Poisson’s ratio for CF0700T. The transverse dis-
placements from the uniaxial tests and FE models are presented in the results
section of this paper.
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Figure 3: Poisson’s ratio (v12) for various loads from the warp uniaxial test on VALMEX®
7318.

It is important to consider the effects of the Poisson’s ratio on the FE models
before characterizing the non-linear orthotropic material models. A sensitivity
study was performed on the axial loads and traverse displacements of the nu-
merical models in the warp, fill, and 45° bias material directions. The sensitivity
of the axial load to Poisson’s ratio is seen in Fig. [5| It is noted that the warp
and fill uniaxial models are hardly affected by changes in v19, while the 45° bias
uniaxial test is strongly linked to the value of v15. The sensitivity of the trans-
verse displacement to Poisson’s ratio is presented in Fig. [6] As expected the
transverse displacement of the material warp and fill uniaxial tests are depen-
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Figure 4: Poisson’s ratio (v12) for various loads from the warp uniaxial test on CFO700T.

dent on v15. The 45° bias uniaxial test appears to have similar sensitivity to the
Poisson’s ratio in both the transverse and axial directions. With the sensitivity
study it was concluded that the 45° bias FE model was dependent on both ;5
and G129, as both variables strongly influence the 45° bias response. There is a
likelihood that this dependency may result in different combinations of v15 and
G'12 producing similar behavior. Thus the simultaneous optimization of v15 and
G112, with the 45° bias FE model, may result in a non-unique solution.

4. Characterization method 1: direct stress-strain approach

The first method for characterizing the non-linear orthotropic material model
uses stress and strain to determine stiffness moduli as a function of strain. The
engineering strain values were calculated from the virtual strain gauges on all of
the uniaxial tests. The engineering stress values were calculated by dividing the
total load by the initial cross sectional area of the test specimens. Engineering
stress and strain are used as opposed to true stress and strain, because the non-
linear orthotropic material model does not account for through thickness change
of the material. Thus the FE model is not capable of determining either true
stress or true strain. In addition, the thickness change of the materials during
the uniaxial tests were not measured.

The stress-strain data from the uniaxial tests on the two materials is pre-
sented in Figs.[7]and [§] Data points in the figures are from all five uniaxial tests.
A polynomial was fitted to the stress-strain data for each material direction us-
ing the least squares method. The data set contained each data point from the
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Figure 5: The sensitivity to Poisson’s ratio of the axial load in the FE models of the warp,
fill, and 45° bias uniaxial tests.
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Figure 6: The sensitivity to Poisson’s ratio of the transverse displacement in the FE models
of the warp, fill, and 45° bias uniaxial tests.

Submitted to Journal of Composite Structures 12 October 2016. Accepted 5
November 2016. Final version available online at
http://dx.doi.org/10.1016/j.compstruct.2016.11.019


http://dx.doi.org/10.1016/j.compstruct.2016.11.019

175

180

185

4 CHARACTERIZATION METHOD 1: DIRECT STRESS-STRAIN
APPROACH

five uniaxial tests. It was useful to force the polynomial through the origin by
removing the vertical intercept, because the FE model will only start from a
zero stress-strain state. Different order polynomial fits were attempted. It was
found that a fourth order polynomial had the lowest root mean square error for
the warp uniaxial stress-strain behavior, while third order polynomials resulted
in the lowest error values for the fill and 45° bias behavior. It is noted that the
polynomials are excellent fits to the experimental stress-strain data. Both the
coefficient of determination and the root mean square error of the fitted polyno-
mials were used to quantify the quality of fits. The stress-strain polynomials are
defined by Egs. [I]- B} where terms ag - ag represent the coefficients determined
from the least squares fit.
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Figure 7: The engineering stress and strain values with fitted polynomials for
VALMEX® 7318.

O—warp(gl) = ap€1 + 0116% + a2€? + 053541l (1)
Ufill(52) = quu€g + OZ5€§ + 01653 (2)
Oasobias(112) = 7712 + a8YTy + @975y (3)

Fach of the fitted polynomials were differentiated to obtain the stiffness
moduli as functions of strain for the non-linear orthotropic model. The stiffness
moduli are defined by Eqs[4]-[6] where terms S - B9 represent the variables of the
non-linear orthotropic material model. The stiffness moduli polynomials were
calculated from a strain of zero, to the maximum strain as experienced by the
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Figure 8: The engineering stress and strain values with fitted polynomials for CF0700T.

experimental tests in each material direction. The vales of the stiffness moduli
were then inputed as a table into the NLELAST material model definition. The
FE models are useful for providing some validation, and this is done by using
the defined material model in the FE models to compare with the experimental
test results.

Ei(e1) = Bo + Bre1 + Beetl + Bael (4)
Es(e9) = Ba + Bse2 + Boes (5)
G12(712) = Br + Bsv12 + Bovis (6)

5. Characterization method 2: inverse analysis load-displacement

As an alternative method, an inverse analysis was performed to find a non-
linear orthotropic material model that matches the virtual strain gauge load-
displacement response. The material parameters (5 terms of Egs. [4] - @ are
initially guessed. Then an optimization routine is used to minimize the difference
between the load-displacement of the FE models and the experimental tests.
The goal of the inverse analysis is to find the best material parameters, such
that the FE model matches the experimental load-displacement response.
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The load strain gauge displacement relationships can be seen in Figs.[9]and[10]
The figures contain data points collected from all five uniaxial tests in a mate-
rial direction. A polynomial, represented by the solid line, was fitted to the test
data in each material direction. These polynomials were used in place of the ex-
perimental data to characterize the non-linear orthotropic material model. The
experimental data from multiple runs were considered simultaneously, as the
polynomials were fitted to the entire collection of data points. The polynomials
were of excellent fit, as the lowest coefficient of determination of the polynomi-
als was 0.959. Working with the polynomial is preferred over the data points,
because the polynomial can be evaluated anywhere in the displacement range,
so no interpolation would be needed between data points. The polynomials are
used in place of the experimental data for the inverse analysis, for convenience
and due to the high quality of fit.
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Figure 9: Load strain gauge displacement values for the uniaxial tests in the warp, fill, and
45° bias material directions with fitted polynomial for the VALMEX® 7318.

Optimization is used to determine the best non-linear orthotropic material
model by minimizing the difference between the physical uniaxial tests and the
FE models. The uniaxial FE models are considered simultaneously to compute
a single error value that describes the fit of the FE models to the virtual strain
gauge test results. Design Optimization Tools (DOT) [16] wrapped in a Python
script is used to run the FE models and determine the optimum material pa-
rameters.

Root mean square (RMS) error is used to determine the error between the FE
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Figure 10: Load strain gauge displacement values for the uniaxial tests in the warp, fill, and
45° bias material directions with fitted polynomial for the CF0700T.

model and the physical tests. The polynomials fitted to the load-displacement
virtual strain gauge data from the physical uniaxial tests are represented by
Pyarp, Pri, and Pyes. The FE models use 100 evenly spaced displacement
increments when simulating a uniaxial test. Results of the FE model are only
available at these specific increments. It is important that these increments are
evenly distributed to avoid sampling errors, in which the error from a particular
region of the test was sampled more often because more results where available
in this area than other areas. A simple example of a non-linear FE model where
this phenomenon would occur is any model that utilized adaptive time stepping.
At each of the 100 load increments of the FE model, the load extracted from
the FE model is represented by Fyarp, Frir, and Fpes. The load from the
polynomials is compared directly with the load of the FE model at the 100 FE
increments. Three RMS errors are calculated for each material direction, and
can be seen in Eqs. [7]- [0

100 )
g(Fwarp(l) Puarp(i))?
Ewarp = 100 (7)
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100

> (Friu(i) = Prin(i))?

epin = \| = 100 (8)
100
Z (Fbias (7') - Pbias (Z))Q

€bias = = 100 (9)

The three RMS errors can be combined into a single error value eyniazial-
It is possible to create the single error value by simply adding up the RMS of
each material direction, though it was found that the optimizations were faster
when considering the sum of the square of RMS from each material direction as
seen in Eq. [I0] Each material direction is considered equally. It can be noted
that weights can be added if matching the behavior of a particular uniaxial test
direction was more important than the other directions. A ey pniqzia; value of 0.0
corresponds to a non-linear orthotropic material model in which the uniaxial FE
models match the polynomials exactly. It is important to remember the fitted
polynomials represent the experimental uniaxial load-displacement test data.

_ 2 2
€uniazial = \/e%uarp + efill + Chias (10)

The overall objective function of the optimization can be expressed by min-
imizing the overall error of the FE models load-displacement results. The ideal
material model will match the uniaxial virtual strain gauge load-displacement
results exactly, while the best material model is defined mathematically as hav-
ing the lowest objective function value. This optimization process is subject
to two constraints, the first being that the moduli in the material model must
remain positive for the entire strain range because a negative moduli for a pos-
itive strain is not sensible. The second being that all of the FE analyses are
valid, in which case Marc outputs an exit code for each analysis of 3004. This is
important as the optimization may attempt to try many material models that
are numerically unstable, and results in FE models that can only be partially
completed. Thus when an error code of 3004 is returned, it means that the FE
model converged on all 100 load increments. The overall objective function can
be seen in Eq.[TI] The two constraints serve as logical flags for the constrained
optimization. When a constraint is violated, a value of 1 is fed into the algo-
rithm, while a value of -1 indicates a satisfied constraint. This type of true-false
boolean constraint may be problematic for a gradient based optimization algo-
rithm, however DOT deals with boolean constraints well by backtracking when
encountering a violated constraint in the one dimensional search. It is important
to mention that DOT’s approach works well, provided that the optimization is
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started from a feasible point.

minimize: eyniazial
such that: FEi, FEy,G12 >0 and (11)
All Marc Exit Codes = 3004

The 3 terms of Eqs.[4]-[6] are the variables the optimizer will use to determine
the best non-linear orthotropic material model, however a reasonable starting
point and the variable bounds are unknown. Suitable variable bounds were
approximated to be one order of magnitude, larger and smaller, from the solution
of the previous method. The bounds used for the optimization of both materials
are provided in Table[3] An initial optimization was performed on /3 terms that
began in the feasible region to satisfy the boolean constraints.

DOT parameters were used in their default configuration, including gradient
step size, scaling, and convergence criteria. From the optimum of this initial
optimization, a second optimization was run with a gradient step size one order
of magnitude smaller than DOT’s default. The second optimization typically
resulted in the lowest obtained objective function for both materials. One can
point out that a suitable starting point for the optimization would be the re-
sulting material model variables from the stress-strain method, however this
approach wasn’t used because it was the intention to demonstrate that the in-
verse analysis could function independently of the stress-strain method. The
Modified Method of Feasible Directions (MMFD) algorithm proved to be the
most reliable gradient based optimization algorithm from the DOT library for
the inverse problems considered here. It is wise to start the optimizations from
multiple starting points to ensure the best material model is found, and to avoid
selecting a local minimum in the design space as the best material model.

Table 3: Optimization bounds used for the inverse analysis to determine the non-linear or-
thotropic material model.

Variable Lower Bound Upper Bound

Bo 0.25 2.0

B -0.01 0.01
Bo -0.001 0.001
Bs -0.002 0.002
Ba 0.01 2.0

Bs -0.01 0.01
Be -0.001 0.001
By 70.0 700.0
Bs -50.0 50.0
Bo 4.0 4.0
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6. Results

Two different methods were used to determine non-linear orthotropic ma-
terial models for VALMEX® 7318 and CF0700T. The § terms that define the
material models are provided, and the material models are compared directly.
It is expected that the material models will produce stress-strain and load-
displacement relationships that differ from the experimental uniaxial tests, be-
cause of issues with the continuum assumption at the large strains experienced.
To demonstrate these differences, the results of the FE uniaxial models with
material models from both methods are compared directly to the experimental
test data.

The B terms that define the non-linear orthotropic material models are pre-
sented in Table @ Subtle differences in the values can be noted for the two
different methods for a particular material. The non-linear orthotropic material
models are plotted together in Figs. and The stress-strain method pro-
duced a material model that is similar to the inverse load-displacement method.
In addition, the stiffness moduli of the different materials appears to be similar.

Table 4: Variables for the polynomials that define the non-linear orthotropic material models
for the two types of PVC-coated polyester from the stress-strain and inverse load-displacement
methods.

VALMEX® 7318 CF0700T
Variable Method 1: direct Method 2: inverse Method 1: direct Method 2: inverse
Bo 0.803338 0.808749 1.303904 1.007260
b1 -0.00204 -0.00207 -0.00474 -0.00258
Ba 0.000218 0.000226 0.000679 0.000291
B3 -0.00059 -0.00058 -0.00274 -0.00085
B4 0.075277 0.076246 0.332784 0.346241
Bs 0.000107 0.000114 -0.00037 -0.00045
Bs -8.2e-07 -7.5e-07 2.13e-05 3.09e-05
B 149.5966 270.589 145.1017 337.0310
B3 -0.61890 -19.6316 -1.04362 -29.0470
Bo 0.073223 0.553649 0.062623 0.892731

The non-linear orthotropic material models were used in FE models replicat-
ing the experimental uniaxial test. It is important to understand the ability of
the FE models to replicate the behavior of the physical tests, before considering
the material model in the modeling of a structure. Thus the results of the FE
models were compared directly to the uniaxial test data.

The experimental stress-strain values are compared to FE results in Figs. [I3]
and For both materials, in the warp and fill directions, the non-linear
orthotropic material models do an excellent job at replicating the stress-strain
behavior of the materials. Either the direct stress-strain method or inverse
load-displacement method produces a stress-strain curve that is analogous to
the experimental data in the warp and fill uniaxial test directions. Unfortunately
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Figure 11: Non-linear orthotropic material models for VALMEX® 7318 from the direct stress-
strain and inverse load-displacement methods.

the same cannot be stated for the 45° bias uniaxial test. Both methods fail to
capture the behavior of the 45° bias test at high strains. For the CF0700T PVC-
coated polyester, the 45° bias FE model was unstable and failed to converge to
the maximum strairﬂ This is why in Fig. the stress-strain curve resulting
from the bias FE model terminates before 0.2 strain instead of the maximum
0.5 strain. The inverse load-displacement non-linear orthotropic material model
also severely over predicts the response of the bias extension test, though it
appears the inverse load-displacement method produces a material model that
better represents the 45° bias uniaxial test behavior.

The axial virtual strain gauge displacements are compared to the results
of the FE models in Figs. and Again in the material warp and fill
directions, it can be noted that both the direct stress-strain and inverse load-
displacement methods produce non-linear orthotropic models that match the

IFrom the author’s experience, the only way to get the 45° bias model to converge with
this particular set of material model parameters is to use a coarser mesh. The convergence
problem is linked to an element becoming singular during the deformation. Generally when a
finer mesh is used, the number of singular elements increases. The results of the model with a
coarser mesh were not shown in this result section, because it would not be a fair comparison
with the other FE models.
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Figure 12: Non-linear orthotropic material models for CF0700T from the direct stress-strain
and inverse load-displacement methods.
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Figure 13: Stress-strain results of the FE models with the two different material models
compared to the experimental uniaxial data for VALMEX® 7318,
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Figure 14: Stress-strain results of the FE models with the two different material models
compared to the experimental uniaxial data for CFO700T.

physical uniaxial behavior. The inverse load-displacement method was defined
to match the load-displacement behavior, and effectively accomplishes this by
matching the load-displacement behavior of the experimental tests data for each
material direction almost exactly. The direct stress-strain method produces a
non-linear orthotropic material model that severely under predicts the load-
displacement response of the 45° bias test.
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Figure 15: Virtual strain gauge results of the FE models with the two different material models
compared to the experimental uniaxial data for VALMEX® 7318.
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Figure 16: Virtual strain gauge results of the FE models with the two different material models
compared to the experimental uniaxial data for CF0700T.

The coefficient of determination was calculated for each comparison of the
non-linear orthotropic FE models to the experimental uniaxial data. As seen
in Table [5] the inverse load-displacement method produced similar coefficient
of determinations. This suggests that the inverse load-displacement method
produced non-linear orthotropic material models that are analogous to the direct
stress-strain method. N/A in the table represents the FE models that were
unstable, and failed to converge.

Table 5: Coefficient of determination for each stress-strain or load-displacement material
comparison from the FE results using the non-linear orthotropic material models.

VALMEX® 7318

Material comparison Method 1: direct Method 2: inverse Method 1: direct Method 2: i
R? of warp stress-strain 0.97 0.99 0.99 0.94
R? of warp load-displacement 0.96 0.99 0.98 0.99
R? of fill stress-strain 0.92 0.95 0.97 0.99
R? of fill load-displacement 0.92 0.95 0.97 0.99
R? of 45° bias stress-strain 0.84 0.82 N/A 0.0
R? of 45° bias load-displacement 0.71 0.98 N/A 0.99
Average R? for method 0.89 0.95 N/A 0.82

An excellent material model would be able to accurately predict both the
axial and transverse load-displacement material response. The transverse dis-
placement of the FE models were compared to the results from a virtual horizon-
tal strain gauge on the experimental uniaxial tests. It is seen that the non-linear
orthotropic material model matches the transverse load-displacement response
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of the materials in the warp direction, as seen in Figs. and This sug-
gests that the use and determination of the Poisson’s ratio (rv12) adequately
matches the response of both materials in the warp direction. The transverse
load-displacements, seen in Figs. [19|and are poor and over estimated for the
fill uniaxial test. Potentially this shows that the non-linear orthotropic material
model behaves fundamentally different than the physical behavior of the PVC-
coated polyester. It is interesting to point out that the transverse comparison
in the 45° bias direction yields a different result, as seen in Figs. [21] and It
appears that the direct stress-strain method doesn’t match the transverse be-
havior of the 45° bias extension test, while the material model from the inverse
load-displacement analysis matches the transverse displacement extremely well
at low strains. Though the good fit quickly deteriorates at higher strains, po-
tentially demonstrating the limitations of the non-linear orthotropic material
model.
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Figure 17: Transverse displacement of the FE models compared with the experimental warp
uniaxial test data for VALMEX® 7318.

7. Conclusion

Non-linear orthotropic material models were determined for two different
PVC-coated polyesters. The material models were determined using two dif-
ferent methods. The first method determined the non-linear orthotropic model
by differentiating the stress-strain response from uniaxial tests. The second
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Figure 18: Transverse displacement of the FE models compared with the experimental warp
uniaxial test data for CF0700T.

method utilized an inverse analysis that produced a non-linear orthotropic ma-
terial model through numerical optimization, by matching the FE models to
the uniaxial load-displacement response. The two approaches produce different
material model parameters, however at small strains the material behavior from
the different methods is comparable. Due to breakdowns in the plane-stress con-
tinuum assumption and the large strains exposed in the uniaxial models, it is
impossible to match the complete stress-strain and load-displacement material
responses at high strains with this material model.

The derived non-linear orthotropic models failed to capture the complete
uniaxial response in the 45° bias extension test for both PVC-coated polyesters.
The direct stress-strain method produced a non-linear orthotropic material
model that matched the experimental stress-strain response better than the ma-
terial model from the inverse load-displacement method. While the inverse anal-
ysis proved useful, as a method to accurately reproduce the load-displacement
behavior of the experimental bias test seen in Figs. [[5] and [I6] Though due
to the limitations of the non-linear orthotropic model, the inverse method pro-
duced a model that over predicted the stress-strain response of the bias extension
test. There is an effective trade-off between matching either the stress-strain or
the load-displacement response with the 45° bias extension test at high strains,
because the 45° bias test produces a complex load case that the hypoelastic
non-linear orthotropic material model is incapable of recreating.
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Figure 19: Transverse displacement of the FE models compared with the experimental fill
uniaxial test data for VALMEX® 7318.

The Poisson’s ratio (v12) was determined using the transverse and axial dis-
placements from the warp uniaxial tests. It was demonstrated that by simply
taking the average of calculated Poisson’s ratios, a suitable Poisson’s ratio can
be determined for the warp uniaxial test. This was demonstrated for the mate-
rial model by the traverse load-displacement results of a warp uniaxial test, as
seen in Figs. and For the warp uniaxial test, all non-linear orthotropic
material models matched the axial and transverse displacements excellently.
However the Poisson’s effect observed in the experimental fill and bias uniaxial
tests is vastly different from what the non-linear orthotropic material model is
capable of offering. With the combination of transverse displacement results for
the fill direction in Figs. and and the transverse displacement sensitiv-
ity study of Fig. [f] it was concluded that it was not possible for the presented
non-linear orthotropic material model to simultaneously match the transverse
displacements in both the warp and fill uniaxial tests.
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