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ABSTRACT

Phenomenological models are required to predict the behaviour of a glass fibre reinforced Sheet Moulding
Compound (SMC) composite material for use in the automotive industry. Material testing is conducted in ten-
sion, compression, in-plane shear, and three-point bending. The SMC composite exhibits tension-compression
asymmetry and in-plane anisotropy. A model, which incorporates an anisotropic and asymmetric yield function,
is developed. The model is calibrated to the experimental tension, compression and in-plane shear tests and are
validated using the three-point flexure test. The model captures the flexure response within 8.1% of the ex-
perimental observations. The importance of including tension compression asymmetry within the model is de-

monstrated.

1. Introduction

Fuel economy and safety regulations in the automotive industry are
become stricter [1], vehicle manufacturers need to reduce weight and
improve crashworthiness. A reduction of vehicle mass by 10% results in
a 6.8% fuel economy improvement [2,3]. Sources of weight reduction
and improved crashworthiness include material selection, and compo-
nent design optimization [4]. Depending on the type of reinforcement
and matrix material, composites have a higher strength and stiffness to
weight ratio than metals [5,6]. In the past, composites were mostly used
in low production volume vehicles as composite components were
manufactured through low volume production methods, such as hand
lay-ups, which were slow and expensive [7]. Interest in composite
materials for mass production vehicle components has increasing sig-
nificantly. High volume manufacturing methods, such as compression
moulding, decrease the material and manufacturing costs associated
with composites and makes materials such as Sheet Moulding Com-
pounds (SMC), viable for mass-production vehicles [8,9]. Exterior body
panels and structural elements of a vehicle can be made of SMC and
effect both passenger and pedestrian safety. The Head Injury Criterion
(HIC) is a measure of the acceleration experienced by the centre of
gravity of the head during an impact, it evaluates the chance of injury
or death in an impact between a vehicle body panel and a pedestrians
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head [10]. The HIC is affected by the stiffness of the body panel, and it
is crucial to accurately predict the bending behaviour of SMC compo-
sites to evaluate the HIC [10-12].

Vehicle manufacturers use Finite Element Analysis (FEA) to reduce
the development cost and time, as designs can be verified in simulations
before it is produced and physically tested. In order to use FEA for
modeling the structural behaviour of SMC composite components ac-
curately, a material model which is capable of capturing the funda-
mental behaviour of the SMC is required. The model not only has to be
accurate, but also fast, in order to reduce the development time of
composite components [13].

Due to the inclusion of fibres into the matrix material for re-
inforcement, the resulting material behaviour is more complex than
each of the constituent phases on their own. Micromechanics based
multi-scale approaches are commonly used to model the homogenized
response of these materials [14,15]. Sabiston et al. have developed a
unit cell model, with a functionally graded interphase zone to model
the elasto-visco-plastic behaviour of long fibre composites [16,17].
Carmen et al. applies an micromechanics approach to short-fibre
composites to predict the composite stiffness and local stress variations
[18]. The advantage of using a micromechanics model is its ability to
determine local stresses and strains, which is useful in modelling frac-
ture in the material. However, material properties of the individual
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phases, and a method to capture the orientation effects are required. In
addition, the interaction between the phases need to be modelled. As a
result, using such a model is computationally intensive compared to
macro-scale phenomenological models [19,20]. For the model to be
effective in simulating composites at a component level, the model
needs to be computationally inexpensive.

Macro-scale phenomenological models allow the material to be
modelled as a single phase to reduce the computation time associated
with multiphase material models. Commercially available composite
models built into major finite element software were developed for high
volume fraction idealized unidirectional and laminated composites
[21]. These commercially available material models in LS-DYNA have
been used by Huang et al. [22] and Xiao et al. [23] to model crushing of
laminated composite structures. SMC composites exhibit complex be-
haviour, such as in plane material anisotropy and tension-compression
asymmetry, due to the fibre distribution and orientation [9,24,25].
They exhibit an elasto-plastic response due to the fibre orientation and
relatively low volume fraction which results in a more dominant matrix
material behaviour [26].

Tension-compression asymmetry of polymers is observed from the
testing of polymer materials. Donato et al. compares various pressure
sensitive yield criterion and their accuracy in capturing the tension-
compression asymmetry [27]. The conically modified and parabolically
modified von Mises yield criterion compared have a linear and quad-
ratic dependence on the hydrostatic stress respectively [27].

SMC composites exhibit anisotropy due to the moulding process.
The flow of material during the manufacturing of the charge and during
the moulding process, results in fibre alignment in certain directions
leading to anisotropy in the final product [28,29]. Feld et al. [24]
studied the degree of process-induced anisotropy caused by various
degrees of mould coverage and found that both the moulding process
and SMC charge manufacturing process introduced anisotropy to the
material. Oldenbo et al. evaluated the effect of process-induced aniso-
tropy on the global stiffness of a SMC panel, showing that the impact of
the moulding process on anisotropy can be reduced by the selection of
the initial charge placement [25].

In order to be able to capture the observed behaviour of the SMC
composite, an anisotropic yield function which is capable of capturing
tension-compression symmetry is required. The yield criterion by de-
veloped Cazacu et al. [30] for hexagonal closed packed metals has the
functionality to capture the response of SMC. It incorporates a para-
meter to capture tension-compression asymmetry and uses a linear
transformation on the deviatoric stress tensor to capture anisotropy.

In this work, a macroscopic phenomenological anisotropic elasto-
plastic model capable of capturing elastic and plastic tension-com-
pression asymmetry is developed to model the non-linear behaviour of
the SMC composite. The phenomenological approach uses the observed
material behaviour from experiments, in tension, compression and in-
plane shear, to calibrate the material model. The model is validated by
predicting the flexure response of the SMC composite. The importance
of the capturing the tension compression asymmetry within the elastic
and plastic response is demonstrated.

2. Material and testing

This section covers the quasi-static experimental testing conducted
on glass fibre reinforced polymer SMC plaques. Standardized testing is
performed for uniaxial tension, compression, in-plane shear and three-
point bending. The tests performed are quasi-static at strain rates 1072/s
and below. The calculated average stress-strain curves from the raw
experimental results are used to calibrate and validate the material
model implemented in this work.

2.1. Material composition and processing

The SMC plaques are composed of a glass fibre reinforced filled

Fig. 1. Illustration of a moulded SMC plaque showing the material directions
with respect to the flow direction during moulding.

polyester matrix. The polyester matrix also contains styrene and filler
material such as hollow glass spheres and calcium carbonate. The fibre
volume fraction is approximately 18.3%. The SMC plaques were
moulded from SMC charges manufactured by adding randomly oriented
chopped glass fibres, which have a fibre length of approximately
25mm, in between two layers of matrix material. The charges were
compression moulded and cured at 150°C to create the finished plaques.

The tests for tension, compression and bending are conducted in
both the 0° and 90° directions, which are aligned with and perpendi-
cular to the flow direction of the material during the moulding process
respectively. The plaques for tension and compression are 457 mm
square with a 2 layer charge covering 38% of the mould. The plaques
for bending and shear are 457 mm by 254 mm with a 3 layer charge
covering 25-36% of the mould. The charges have the same aspect ratio
as the mould for both instances. The material directions are defined in
Fig. 1, the flow direction also aligns with the material rolling direction
of the SMC.

2.2. Test specimens

Tensile testing is performed using ASTM D3039 [31]. Tensile testing
is completed in the 0° and 90° directions to measure the in-plane ani-
sotropy of the composite under a tensile load. The tensile testing spe-
cimens are rectangular specimens with the dimensions given in Table 1.
The specimens are clamped in a tensile testing fixture with one end
fixed, while the other end is loaded at 2 mm/min in the tensile direc-
tion. The strain is measured using digital image correlation (DIC).

The compressive testing is performed according to ASTM D6641
[32] in the 0° and 90° directions. The test is carried out in a combined
loading compression test, where both an end and shear load is applied
to the specimen in order transfer load to the specimen effectively
without damaging the gripped areas. The compressive test specimens
are rectangular specimens with the dimensions given in Table 1. The
gripped faces are reinforced by aluminum tabs, attached using an
epoxy-based adhesive, to eliminate failure within the gripping fixture.
The axial strains are measured on both sides of the specimen using
strain gauges. The strains on each side are compared to verify that the
specimen did not buckling during testing using the percent bending
threshold of 10% as per ASTM D6641 [32]. The specimens are loaded at
1 mm/min in the compressive direction.

In-plane shear testing is performed according to ASTM D5379 [33].
In this test, forces are applied to the specimen in opposing directions
through a loading fixture to generate an area of maximum shear stress
at the centre of the specimen [34]. The specimens used are rectangular
specimens with 90° V-notches at the centreline [33]. The dimensions of
the specimens are given in Table 1. DIC is used to obtain the in-plane
shear strain of the specimen. The specimens are loaded at 1.5 mm/min.
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Table 1
Test specimen dimensions [31-33,35].

Tensile Compressive Shear Bending
Parameter Value (mm) Parameter Value (mm) Parameter Value (mm) Parameter Value (mm)
Overall length 250 Overall length 140 Overall Length 76 Overall Length 80
Width 25 Width 12 Overall width 19 Width, b 10
Grip length 37.5 Untabbed length 13 Gauge length 2.5 Support length, L 58
Thickness 2.4 Thickness 2.4 Thickness 3.4 Thickness, d 2.8

Strain gauge length 2 Gauge section width 11.21 Loading fixture radius 5

Notch radius 1.3 Support fixture radius 2

The three-point bend or flexure testing, in the 0° and 90° directions
of the moulded SMC plaque, is performed according to DIN EN ISO 178
[35]. In this test, a rectangular specimen is supported at two locations,
while a load is applied by a loading fixture at the centre of the specimen
in the through thickness direction [35]. The specimen and fixture di-
mensions are given in Table 1. The specimens are loaded at 1 mm/min
in the vertical direction.

The flexure strain and stress is calculated with equations (1) and (2)
respectively [35]. The variables D and P are the deflection at the centre
of the specimen and the load applied by the loading fixture respectively.

. _6Dd

-flexure = 12 (1)
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2.3. Experimental results

The average experimental stress-strain curves for the tensile and
compressive tests in the 0° and 90° directions, and the in-plane shear test
are plotted on the same axes in Fig. 2a to determine the behaviour of
the SMC composite in various loading directions. From the comparison
of the tension and compression results, it is evident that tension-com-
pression asymmetry in present in both the 0° and 90° directions, where
the material is stiffer in compression than tension for both loading di-
rections. In addition, in-plane anisotropy is also observed between the
0° and 90° directions, the material is stiffer in the 0° direction in both
tension and compression. As suggested by literature, the anisotropy is
caused by the slight orientation of the fibres induced by the manu-
facturing process of the composite [28,29]. Both the elastic and plastic
regime are anisotropic and asymmetric in tension and compression. The
tensile tests also fail at a significantly lower strain compared to the
compressive tests, this is due to a difference in failure mode in tension
and compression. In-plane anisotropy is also observed in the flexure

experiments, this is shown in Fig. 2b which compares the average
flexure stress-strain curves in the 0° and 90° directions. Error bars are
also plotted in Fig. 2b to show the variation in the experimental results.
Overall, the material behaviour of this SMC composite, which includes
the stiffer response in compression than tension and the presence of in-
plane anisotropy, is similar to the behaviour observed in literature.

3. Material model development

A non-linear elasto-plastic material model for explicit dynamic
analysis is implemented in order to capture the complex behaviour of
the SMC composite observed in experimental results. A forward Euler
integration scheme is used in the SMC material model.

3.1. Elastic model

In order, to capture the in-plane anisotropy due to the orientation of
the chopped glass fibres, the orthotropic elastic stiffness tensor (IL,)) is
required. It is calculated using equations (3) and (4), where E are the
elastic moduli, G are the shear moduli and v are the Poisson's ratios
[36]. It is orthotropic with respect to the 0° and 90° directions. The 0°
direction, 90° direction and through-thickness direction are aligned
with the 1, 2 and 3-directions respectively.
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Fig. 2. Average experimental stress-strain response.
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In order to capture the tension-compression asymmetry in the
elastic behaviour of the composite, the stress triaxiality, T, is used to
determine if the material is in tension or compression. Stress triaxiality
is calculated using equation (5), where I; and J, are calculated using
equations (6) and (7) respectively. o is the stress, while S is the de-
viatoric stress, calculated using equation (8). A simple criterion is im-
plemented where the material is considered to be in compression if the
triaxiality is negative, and tension if it is positive. The components of
the elastic stiffness matrix for the normal directions are assigned either
the tensile modulus or compressive modulus depending on the triaxi-
ality for the current stress state.
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3.2. Yield function

Based on the experimental results, there is an observed tension-
compression asymmetry and in-plane anisotropy in yielding. Therefore,
a yield criterion capable of capturing this behaviour is required. The
orthotropic yield criterion developed by Cazacu et al. [30], shown in
equation (9), is selected for this purpose. The orthotropic yield criterion
by Cazacu et el. is able to capture the tension-compression asymmetry
through the use of the k parameter shown in equation (9) [30]. The
degree of asymmetry is controlled through the a exponent and F is the
effective stress [30]. This yield criterion captures the in-plane ortho-
tropy through a linear transformation of the deviatoric stress tensor, S,
with the transformation tensor, C, to obtain %, shown in equation (10)
[30]. The transformation tensor is defined in equation (11), the Cj
terms, where i = 1: 3 and j = 1: 3, control the orthotropy in normal
directions, while C; where i = 4: 6 control the orthotropy in shear [30].
%; are the principal values of the transformed stress tensor.

(IZ1] = 2% + (1Z2] = k2)* + (IZ3] — k-Z3)* = F¢ (C)]
=C:S (10)
Chp Cp C3 0 0 O
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0 0 0 0 Cs 0
0 0 0 0 0 Cg an

3.3. Hardening rule

Apart from the yield criterion, a hardening rule is also required to
model how the stress evolves as the plastic strain increases by relating
the effective plastic strain to the flow stress. A power law hardening
rule is used to capture the hardening behaviour of the SMC composite.
The version of power law hardening rule used is Ludwik's equation [37]
given by Equation (12), where G is the flow stress, o, is the yield stress,
g is the effective plastic strain, K is the strength coefficient and n is the
strain hardening exponent.

G=o0,+K(E) 12)

3.4. Stress integration algorithm

The material model is implemented as a LS-DYNA user-defined
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material model based on a forward Euler integration scheme. The
stresses and effective plastic strain at each time step of the simulation,
for each element, are evaluated based on the algorithm proposed by
Williams et al. [38,39]. Based on the boundary conditions, the strain
increment is provided as an input by the LS-DYNA solver for each
element. The algorithm uses the associative flow rule [40], which states
that the plastic strain increment is a scalar multiple of the normal to the
yield surface.

By comparing the stress calculated using the yield function with the
flow stress curve, the amount of plastic strain during the current time
step can be calculated. If the effective stress exceeds the flow stress for
the current amount of plastic strain, an iterative loop using the Convex
Cutting Plane (CCP) algorithm introduced by Abedrabbo et al. [41] is
required to determine the amount of plastic strain resulting from the
current strain increment, and enforce the yield criterion. The stress and
plastic strain during each iteration of this loop are indicated by the
subscript s as o; and & respectively. AdA is an update to the effective
plastic strain increment. d¢/do is the normal to the yield surface, which
is the derivative of the yield criterion, ¢, with respect to the Cauchy
stress, while d5/0¢ is the derivative of the flow stress expression with
respect to the effective plastic strain. This loop iterates until the abso-
lute difference between the equivalent stress and flow stress is less than
or equal to 1078. A flow chart for the framework of the LS-DYNA user-
defined material model is shown in Fig. 3.

4. Numerical simulations

The user-defined material model is used to perform finite element
simulations of the tensile, compressive and in-plane shear in order to
calibrate the model parameters to the experimental test results. The
calibrated user-defined material model is then validated by performing
flexure test simulations.

The material model is calibrated using an iterative inverse finite
element analysis approach, where the stress-strain response from
component level simulations is compared to the experimentally mea-
sured data to obtain the material model parameters required to capture
the observed material behaviour. This method of calibration most clo-
sely reproduces the experimental results as it is able to account for the
boundary effects in tests such as the compressive test. However, this
comes at the cost greater time required to calibrate the model.

The finite element models discussed in this section use the LS-DYNA
element formulation 2, a selectively reduced fully integrated solid
element. Eight node hexahedral elements with an aspect ratio of 1 were
specified. This aspect ratio is not possible in some locations due to the

Fig. 3. LS-DYNA user-defined material model framework.



Fig. 4. Finite element models showing symmetry and boundary conditions.

test geometries and local mesh refinement. The finite element mesh for
the tensile, compressive, in-plane shear and flexure specimen are shown
in Fig. 4.

4.1. Tensile test model setup

The tensile test specimen dimensions are given in Table 1. An eighth
symmetry model is used for the tensile test model. There are two ele-
ments across the thickness of the specimen. The model is symmetric
about the xy-plane, yz-plane and xz-plane. The gripped faces of the
specimen are prescribed a tensile velocity in the axial direction and
fixed in the transverse direction to reflect the constraints imposed by
the stationary and loading grippers of the tensile testing apparatus. The
velocity applied is halved, to account for the symmetry boundary
conditions, and time scaled by a factor of 1000, to reduce computation
time. The finite element mesh, symmetry planes, and boundary condi-
tions applied are shown in Fig. 4a. The mesh consists of 1040 elements,
each approximately 1.2 mm in size.

4.2. Compressive test model setup

The specimen dimensions for compressive test are given in Table 1.
In addition to the SMC specimen, the aluminum tabs were modelled as
well, using a linear elastic material model with the properties given in
Table 2. The nodes of the aluminum tabs on the surface in contact with
the SMC are coincident with nodes along the surface of the SMC re-
presenting a perfect bond between the two materials. There are four
elements across the thickness of the SMC specimen. Similar to the
tensile test model, this model is an eighth symmetry model, symmetric
about the xy-plane, yz-plane, and xz-plane. The gripped and end faces

Table 2

Material properties for aluminum.
Parameter Value
Elastic Modulus 68.9 GPa
Poisson's Ratio 0.33

Density 2.7 x 1073g/mm?

of the specimen are prescribed a compressive velocity in the axial di-
rection and fixed in the transverse and through thickness directions.
The velocity applied is halved, to account for the symmetry boundary
conditions, and time scaled by a factor of 100, to reduce computation
time. The displacement is measured by the elongation of the gauge
region in the loading direction. The finite element mesh and boundary
conditions applied are shown in Fig. 4b. The mesh consists of 5520
elements, approximately 0.5-0.6 mm in size.

4.3. Shear test model setup

The specimen dimensions for the in-plane shear test are given in
Table 1. There are twelve elements across the thickness of the in-plane
shear specimen model. A half symmetry model about the xy-plane is
used for the in-plane shear model. The gripped faces on the stationary
end of the specimen are constrained in all translational degrees of
freedom. The gripped faces on the loading end is constrained in the
translational degrees of freedom along the x and z-direction and pre-
scribed a velocity in the negative y-direction. The model is time scaled
by a factor of 1000 to reduce computation time. The finite element
mesh and boundary conditions applied are shown in Fig. 4c. The mesh
consists of 40320 elements, ranging from approximately 0.1 to 0.5 mm
in size, with finer elements near the notch radii.

4.4. Flexure test model setup

The specimen dimensions of the flexure test are given in Table 1.
Eight elements are used across the thickness of the flexure test spe-
cimen. The loading nose and supports were modelled using rigid linear
hexahedral elements. A surface to surface contact is defined between
the loading nose and the test specimen, and the supports and the test
specimen. The coefficient of friction is 0.3 for both contact pairs. The
finite element model used is a quarter symmetry model about the xz
and yz-planes. The supports were fixed in all translational degrees of
freedom, while the loading nose was fixed in the translational degrees
of freedom along the x and y-direction and prescribed a velocity in the
negative z-direction. The model is time scaled by a factor of 10000 to
reduce computation time. The finite element mesh and boundary



Table 3

Elastic and hardening parameters.
Parameter Value
Tensile Modulus (E;1) 7775 MPa
Tensile Modulus (Ear, E3r) 7150 MPa
Compressive Modulus (Ei¢) 8450 MPa
Compressive Modulus (Ezc, E3c) 7950 MPa
Shear Modulus (G12, G23, G31) 2375 MPa
Poisson's Ratio (v12) 0.3
Yield Stress (oy) 5 MPa
Power Law Hardening Strength (K) 782.89 MPa
Power Law Hardening Exponent (1) 0.4226

conditions are shown in Fig. 4d. The mesh consists of 14280 elements,
approximately 0.333 mm in size.

4.5. Model calibration

Using the finite element models in the LS-DYNA solver, the SMC
user-defined material was calibrated against the average of the ex-
perimental stress-strain curves of the tensile, compressive and in-plane
shear tests in Section 2. Due to the data being limited to in plane
properties, it is assumed that E; = E,, Gy = G3; = Gz, Foc = hors
fooc = Tyor and Css = Cg¢s = Cyy. The calibrated elastic and hardening
parameters, and yield function parameters are summarized in Tables 3
and 4 respectively.

Fig. 5a compares the simulation results to the average experimental
results for the tensile, compressive and in-plane shear load cases. The
implemented material model is able to successfully replicate the ex-
perimentally measured stress-strain behaviour for axial and shear
loading. The relative error comparing the simulations to experimental
tests for the calibration is shown in Fig. 5b. The Mean Absolute Errors
(MAE) [42] for the calibration tests are within 1.5% of the experimental
results.

4.6. Flexure test simulation results

Using the calibrated material model the three-point flexure test is
simulated using the model detail in Section 4.4. The simulation results
for the flexure test are shown in Fig. 6a. The simulation results over
predict the average experimental results for the flexure test in both the
0° and 90° directions. However, there is a large variation among the
experimental flexure results as shown in Fig. 2b, and the predictions are
within this variation. The relative stress-strain response between the
both the 0° and 90° directions of the simulations is similar to the ex-
perimental results. The relative error for the flexure tests are shown in
Fig. 6b. The MAE are 4.8% and 8.1% for the 0° and 90° directions re-
spectively.

5. Discussion

Micromechanics is typically used to model the properties of SMC
due to the fibre orientation evolution during the compression moulding
process [14,15]. Multiscale modelling is needed to use micro scale data
at the part scale, Chen et al. developed a multi-scaling approach for
SMC composites and have demonstrated the ability to predict the elastic
response of laboratory tests [43]. To model full scale components a
phenomenological model is required. The laminate composite fabric
material model in LS-DYNA (MAT_058) is the best match to the material

behaviour observed in the SMC. It is a composite material model with
damage for unidirectional, laminated and fabric composites [21]. The
damage model, based on the model developed by Matzenmiller et al.
[23,44], and reduces the elastic stiffness as the damage accumulates,
which allows for a non-linear stress-strain behaviour to be modelled
however it does not account for the plasticity caused by the polymer
matrix material. This material model is also only implemented for shell
elements.

A phenomenological approach to modelling woven textile compo-
sites has been implemented by Ryou et al. to capture the tension
compression asymmetry, and anisotropy [45]. Ryou et al. implement
tension compression asymmetry in the elastic regime by varying the
elastic constants depending on the stress state in a given direction,
which violates the elastic relationship of the material system [45]. The
selection of the elastic constants on the stress triaxiality for the material
ensures that the set of elastic constants is valid. The yield function used
herein is more advanced than the Drucker Prager yield function used by
Ryou et al. where the anisotropy is captured through the hardening rule
[45]. The anisotropy is captured with the yield function in the proposed
model.

The predicted flexure response from the simulations shows an over
prediction compared to the experimentally measured response. This
difference in stress-strain responses could be due to various mechan-
isms which have not been accounted for. One of these would be the
local variation in material properties as the SMC material is not
homogeneous. For example, there could be a variation in volume
fraction or fibre orientation across the thickness of the specimen. A
variation in volume fraction or fibre orientation would result in a
variation in material parameters, such as the elastic moduli and hard-
ening coefficients.

A parametric study is conducted in order to study the effects of a
through-thickness variation in properties. Although the variation in
local material parameters cannot be identified from the macroscopic
experimental testing performed, linear distributions are used to quan-
tify the effect of the variation in material properties on the flexure re-
sponse. The average of each material property across the thickness is
kept constant, to ensure that the effect of the through-thickness prop-
erty variations on the results of the axial and shear load cases would be
insignificant.

The first distribution is a symmetric distribution, where the material
properties towards the mid-plane of the specimen are greater than the
material properties towards the outer surfaces of the specimen. The
material parameters are scaled by a factor, SF, where z is the distance
from the mid-plane of the specimen. The scaling factor is defined by the
function in equation (13). This function is formulated to give an
average value of 1. A controls the severity of the variation in properties,
while B is the offset value used to control the average value.

SF=A-zl + B (13)

The second distribution studied is asymmetrical, where the material
properties vary linearly from the one surface to the other. This could
possibly occur due to a difference in fibre orientation and fibre volume
content across the thickness. The scaling factor for this distribution is
defined by the function in equation (14).

SF=Az+B 14

This study is performed for the flexure test, in the 0° directions, with
each of the eight layers of elements through the thickness assigned
material parameters based on the distributions shown in Fig. 7.

Table 4

Yield function parameters.
k a G Cxn Cs3 G2 Gs Cas Cas Css Cos
—0.3665 2 1.2179 1.2590 0.9671 0.2961 0.0017 —0.0694 0.86 0.86 0.86
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Fig. 5. Calibration simulation versus experimental results for tension, compression and in-plane shear tests.

Fig. 8 shows the effect of the variation in through-thickness prop-
erties on the flexure response in the 0° direction for the symmetric and
asymmetric distributions. In the study of symmetric distributions, the
higher the A value, the less stiff the predicted flexure stress-strain re-
sponse. The decrease in material properties in the outer planes of the
specimen had a greater effect than the increase in the material prop-
erties in the core of the specimen, resulting in an overall decrease in
stiffness in the flexure stress-strain response. This result is expected due
to the effects of stiffness on beam bending. In the study of asymmetric
distributions the specimen is supported on the less stiff side represented
by a positive A value. Increasing A results in a less stiff flexure stress-
strain response. This shows that the out-of-plane orientation of spe-
cimen can have a significant effect on the result of the experiment if the
fibre distribution is not uniform across the thickness.

In order to evaluate the importance of capturing the tension-com-
pression asymmetry of the material when modelling the three-point
flexure test, a study is conducted, where the tension-compression
asymmetry is removed. The material is assigned properties in the or-
thotropic axes calibrated using either the tensile test or compressive test
data. The results of this study in the 0° and 90° flexure tests are shown in
Fig. 9. From the results of the study it is clear that the tension-com-
pression asymmetry has a very significant effect on the flexure response
of the material and needs to be considered when modelling such a SMC
material. Considering the tension compression asymmetry also has a
much larger effect on the results than scaling the through thickness
material properties.

Considering only the tensile response causes the model to under

Fig. 7. Scale factor for elastic and hardening parameters for symmetric and
asymmetric distributions.

predict the flexure stress strain response. The MAE for the 0° direction
increases to 4.9% and in the 90° direction it decreases to 3.0%.
Considering only the compressive properties causes the model to over
predict the flexure stress strain results with a MAE of 13.7% in the 0°
direction and 18.2% in the 90° direction. Therefore, considering the
tension compression asymmetry improves the flexure response over
only considering the tensile or compressive material properties. The one
exception to this is for only considering the tensile properties in the 90°

Fig. 6. Simulation prediction versus experimental results for flexure tests.
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Fig. 8. Parametric study results for various through-thickness property distribution.

direction provides a better prediction, however there is more variation
in the experimental results in the 90° direction and considering the
tension compression asymmetry falls closer to the middle of the var-
iational bounds than just considering the tensile properties.

6. Conclusion

A SMC material is experimentally investigated in tension, com-
pression, in-plane shear and three-point bending. The material is found

to exhibit significant in plane anisotropy as well as tension compression
asymmetry in both the elastic and plastic response. To capture this
response, an orthotropic elasto-plastic macroscopic phenomenological
model is proposed. The model is capable of capturing the tension
compression asymmetry in the elastic regime using the stress triaxiality
and implements a yield function designed for metals which exhibit si-
milar behaviour coupled with power law hardening to capture the
plastic response of the SMC.

The material model is implemented in LS-DYNA as a user-defined

Fig. 9. Study of the effect of tension-compression asymmetry on the flexure test.
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material model. The material model is calibrated for tensile and com-
pressive tests in the 0° and 90° directions, and the in-plane shear test.
The accuracy of the calibration demonstrates the appropriateness of the
yield function and hardening rule selected. The calibrated model is able
to predict the flexure stress-strain response of the material within 8.1%
MAE which is well within the observed experimental variation.
However, the model over predicts the average experimental measured
stress-strain response. The effects of through thickness variation of
material properties and only considering the tensile or compressive
properties to simulate the bend test are evaluated. It is found that
considering the tension compression asymmetry is necessary to accu-
rately predicting the response of SMC in bending.
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