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a b s t r a c t

The response to mechanical loading of the thermosetting resin system RTM-6 has been investigated
experimentally as a function of strain rate and a constitutive model has been applied to describe the
observed and quantified material behaviour. In order to determine strain rate effects and to draw con-
clusions about the hydrostatic stress dependency of the material, specimens were tested in compression
and tension at strain rates from 10�3 to 104 s�1. A Standard screw-driven tensile machine was used for
quasi-static testing, with an ‘in house’ hydraulic rig and Hopkinson bars for medium and high strain
rates, respectively. At all rates appropriate photography and optical metrology have been used for direct
strain measurement, observation of failure and validation of experimental procedures. In order to enable
the experimental characterisation of this brittle material at very high rates in tension, a novel pulse
shaping technique has been applied. With the help of this device, strain rates of up to 3800 s�1 have been
achieved while maintaining homogeneous deformation state until specimen fracture in the gauge sec-
tion of the tensile specimens. The yield stress and initial modulus increased with increasing strain rate
for both compression and tension, while the strain to failure decreased with strain rate in tension. An
existing constitutive model, the Goldberg model has been extended in order to take into account the
nonlinear strain rate dependence of the elastic modulus. The model has been validated against 3-point
impact bending tests of prismatic RTM-6 beams.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Thermosetting polymers, such as HEXCEL RTM-6, are net-
worked polymers in which chain motion is restricted by a high
degree of cross-linking, and are generally much stronger and more
temperature resistant than thermoplastic materials. One of the
major applications of thermosetting polymers is their use as a ma-
trix material for a wide variety of modern fibre reinforced polymers
(FRPs) in the aerospace, automotive, marine, oil and gas industries
[1–3]. RTM-6 is a one component system especially developed for
the aerospace industry and is widely used as a matrix in composite
materials. In particular, the system is designed for the resin transfer
moulding (RTM) production processes.

The importance of characterising and modelling the response of
this matrix to loading at different strain rates has become apparent
due to the development of 3D fibre reinforced composite materials,
in which the usual ‘in-plane’ fibres are augmented by some form of
reinforcement in the ‘out of plane’ direction. In these composites,
the matrix volume content can reach up to 50%, and large matrix
pockets can be formed at meso-scale (tow level, Fig. 1). The
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influence of these pockets on the strain rate dependency, the de-
formation of fibre tows or damage behaviour of the 3-D composite
has only received limited attention [4]. Furthermore, the variety of
different matrix systems available for 3-D composites creates the
opportunity to investigate the optimal choice: to find the most
desirable combination of matrix properties and select a resin sys-
tem that best matches this combination for particular applications.
One approach to investigate this issue is by means of virtual testing
at meso-scale using a finite element model of the constituents
(tows and matrix). It is therefore necessary to understand the be-
haviour of the matrix material in detail and to apply an appropriate
constitutive model capturing important characteristics of the ma-
trix that contribute to the global response of the final composite
material.

This approach is currently restricted, as the dynamic response
of thermosets is not yet fully understood. No data for RTM-6 have
been published for high rates of strain in either compression or
tension; data on other resin materials are also limited and generally
restricted to compressive behaviour only. It is therefore important to
provide the growing research community focusing on virtual models
at meso-scale level with accurate experimental data on the most
common matrix systems, especially since the question as to what
extent dynamic compressive behaviour could be used as a reference
for derivation of tensile properties still needs to be answered.
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Fig. 1. Cross section of a 3D woven composite showing distribution of matrix pockets.
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A constitutive model suitable for virtual tests must capture the
nonlinear, strain rate dependent and hydrostatic stress dependent
material behaviour of the polymer. Furthermore, it should be pos-
sible to account for the different failure behaviours in compression
and tension. An additional criterion is ease of calibration and
numerical efficiency, especially as virtual modelling tackles in-
creasingly complex problems.

The present study therefore includes a comprehensive experi-
mental characterisation of the strain rate dependent and hydro-
static stress dependent material response of RTM-6. Special focus
was given to the brittle behaviour of the resin at high rates in
tension. With the help of a novel pulse shaping technique, strain
rates not yet reported could be achieved while maintaining valid
testing conditions (failure in the gauge section and homogeneous
strain field). An existing constitutive model, the Goldberg model
[5], has been applied and extended to take into account the non-
linear strain rate dependency of the elastic modulus. This model
has been calibrated against the characterisation experiments and
validated against 3-point impact bending tests of RTM-6 beams.
1.1. Measurement of the constitutive response of brittle materials
with a low sound speed at high rates of strain

Compared to metals, only very limited data are available for
strain rate sensitivity of polymers in general and resins in particular
[5–9]. Furthermore, most of the published data on resins deal with
compression only. Generally, these tests show an increase in mod-
ulus and failure stress with increasing strain rate. The small data set
for tension can be explained by the various difficulties in performing
high strain rate characterisation experiments on resins with pro-
nounced hydrostatic stress effects and comparably brittle response
in tension, as well as a low sound speed (<2000 m/s). Reported re-
sults indicate that the brittle behaviour in tension is much more
pronounced than in compression [5,7,8], but high rates of strain
(above 500 s�1) have rarely been achieved and no data could be
found for strain rates in excess of 1500 s�1. Additionally, most of the
published high strain rate data in tension are of questionable benefit
since tensile specimens tend to fail outside the gauge section and the
data produced have unacceptably large scatter.

This paper therefore describes novel experimental techniques
that have been developed to increase the understanding of the
tensile behaviour of resins at high rates of strain. Characterisation
experiments were performed successfully using a tensile Hopkinson
bar modified with a pulse shaper. Brazilian tests were also consid-
ered, but found to be unsuitable for this material. Nevertheless,
these tests are briefly described. The data from these experiments, as
well as traditional compressive experiments at different rates of
strain, were used to calibrate the Goldberg model. In order to vali-
date a constitutive polymer model, additional experiments at
a larger scale are often used in order to exercise the model with
a variety of stress states and failure modes. Components [10], disc
impact [11] and three point bending tests on notched beams [12]
have been reported. For this study, an unnotched 3-point impact
bending test [13] was used, and results comparing experimental
data to model predictions are presented in this paper.
1.2. Constitutive modelling of thermosetting resins

The traditional approach to modelling polymers usually adopts
viscoelastic models such as the Maxwell model and the Kelvin/
Voigt model to describe the time dependent behaviour while
modified von Mises or Tresca yield criteria capture the pressure
sensitivity [14,15]. Recently, more advanced models that are able to
predict nonlinear behaviour of polymers have been developed for
both small and large strain formulations (see Refs. [7,16,17] for more
detailed information). In particular, the large strain formulation
Buckley model [7,18] has been successfully extended to represent
strain rate dependency in resins and is able to accurately predict
strain softening in compression. However, the expected material
behaviour of 3-D composites suggests that the focus of a polymer
model for an application in virtual testing of FRPs should be on
strain rate dependency in general and hydrostatic pressure sensi-
tivity in particular. A small-strain formulation with a less complex
material model and a sound failure criterion may be sufficient.

The basis of this study has been the recently developed Goldberg
model which describes the nonlinear response of polymers by re-
lying on the theory which describes viscous flow in liquids. This
model has been successfully applied to several glassy polymers
[5,19–22]. A distinct advantage of this model compared to many
existing models using complex large strain formulations is its ac-
curacy in the small-strain regime and the manageable number of
material constants needed to be determined experimentally (only 6
compared to up to 16 constants for other polymer models). It is,
furthermore, comparably straightforward to implement into explicit
FE codes such as LS-DYNA. The main disadvantage of this small-strain
formulation compared to a large strain formulation such as the
Buckley model lies in the inability to capture strain softening in
compression. The effect of this shortcoming on modelling the global
behaviour of a FRP is assumed to be negligible, however, since shear
failure in the yarns will most likely occur well before large com-
pression strains are achieved in the matrix pockets. For these rea-
sons, the Goldberg model has been chosen as a basis for this research.
2. Experiments

2.1. Material and specimen design

The thermoset tested in this programme, Hexcel RTM-6, is
optimised for RTM-processing (air-tight conditions under pres-
sure), but can be used in open moulds as well. The raw sample
material consisted of 10 mm thick plates produced under RTM
conditions and 9 mm diameter rods produced by moulding. The
cure cycle used was 2 �C/min heating to 130 �C, 1 h dwell at 130 �C,
1 �C/min heating to 180 �C and finally 2 h cure at 180 �C. Final
properties are independent of heating rate and dwell temperature,
provided that the final cure of 2 h at 180 �C is used, resulting in
identical mechanical properties for both sources of material.

The material was characterised under three loading configura-
tions: quasi-uniaxial compression, uniaxial tension and 3-point
bending. The specimens for compression tests were right cylinders
designed such that the effect of inertia on the measured stresses
during high strain rate compression is minimised. Following the
Gorham formulation [23], the applied ratio of radius r to height h of
the manufactured cylinders is

h ¼
ffiffiffi
3
p

2

 !
r: (1)

The tensile specimens were dog-bone shaped, produced by
adhesively bonding a polymer cylinder into a hollow M12 threaded
steel rod and subsequent grinding of the gauge section. The final
geometry was found after a number of iterations explained below.



Fig. 2. Specimen dimensions for compression, tension and 3-point bending; all di-
mensions are in millimetres. For compression experiments above 4000 s�1 specimens
of 6 mm diameter and 2.6 mm length were used.

Fig. 3. Split Hopkinson pressure bar (A) and split Hopkinson tensile bar (B). Arrows
represent loading provided by a gas gun driven striker, directly in compression, or via
a loading bar in tension.
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The 3-point bend specimens are simple beams cut out of the resin
plate. All specimen dimensions can be found in Fig. 2.

2.2. Loading and data acquisition devices

Experiments were performed in three strain rate regimes:
quasi-static ð_3z3—6� 10�4 s�1Þ; medium ð_3z10—100 s�1Þ; and
high ð_3z1000—6000 s�1Þ.

For quasi-static testing, a commercial screw-driven Hounsfield
tensile testing machine was used. All experiments were performed
with a cross-head velocity of up to 2�10�5 m/s in tension or
compression as required. A high precision laser extensometer
(FIEDLER Optoelektronik, model P-50, resolution 0.1 mm) was used
for displacement measurement. These data were then used to
calculate the strain and strain rate in the gauge section as functions
of time for each individual experiment. Force measurements were
made using a calibrated load cell. A high-resolution camera capable
of taking one picture every 4 s was used to examine crack propa-
gation patterns and to correlate failure phenomena with the cor-
responding points on the stress–strain curves. Illumination for the
cameras was provided by LED lights with appropriate filters to
prevent interference between the cameras and the laser exten-
someter. It should be noted that in the compression experiments
the displacement measurement points were on the loading anvils,
as close as possible to the specimen. In tensile experiments mea-
surements were performed on the specimen surface. The effect of
this is that there is a tendency to under predict the specimen
modulus in compression tests, whilst the modulus in tension is
accurate. Because the focus of this study was on high strain rate and
post-yield behaviour, short specimens were used to (a) prevent
buckling and (b) enable stress equilibrium at high strain rates.

For medium strain rates an in house hydraulic system was used.
A strain gauge based load cell is used to measure the force sup-
ported by the specimen during loading, and two methods were
employed for displacement measurements. The first was an LVDT
system measuring the relative movement of the endcaps (tension)
or loading anvils (compression), the second was a high speed
camera used to monitor the gauge length displacement by tracking
two white stripes attached to the specimen (tension) or anvils
(compression).

The high-rate experiments were performed using the split
Hopkinson compression bar (SHPB) and tension bar (SHTB) dis-
cussed in Ref. [7], see Fig. 3. In these systems a compressive or tensile
stress wave is produced, using a gas gun driven striker, and travels
down the input bar to the specimen. At the interfaces between the
loading bars and the specimen, the stress wave separates into
reflected and transmitted components at the input and output ends,
respectively. The strains in the bars as functions of time are recorded
using two strain gauge stations on the input bar and one on the
output bar. The stresses and velocities at the interfaces between the
input and output bars and the specimen are calculated using
a standard analysis outlined in Ref. [24]. These values are used to
obtain the forces and displacements on the specimen’s ends. The
average specimen strain, as a function of time, is calculated from
these displacements; the specimen stress is calculated by further
time shifting the forces to the middle of the specimen gauge length
taking into account the travel time between the end of the input
bar and the beginning of the output bar. A further displacement
measurement was performed using high speed photography. In
compression, stripes were painted on the ends of the bars, and, as
expected, the displacement of these confirmed the results of the
standard analysis. In the tensile experiments, speckles were painted
onto the specimen surface, enabling displacement to be calculated
as a function of position (on the specimen) and time using image
correlation [25,26], see Fig. 10. Again, this direct measurement
means that specimen strains are more accurately calculated in the
tensile experiments than in the compressive.

Three point bend experiments were performed using the
Hounsfield machine for quasi-static loading and an impact bending
system, based on the Hopkinson bar technique, for high-rate loading
[13,27]. In this device, an instrumented titanium rod (the impactor)
with a wedge-shaped tip is propelled into the centre of a beam
shaped specimen, which is supported rigidly at its two ends. The
impactor is held in low friction bearings and is initially at rest. A gas
gun is used to propel a striker into the impactor; the striker and
impactor are of the same material and dimensions, so this theoret-
ically causes the impactor to travel unstressed into the specimen.
During the experiment the axial strains within the impactor bar are
recorded by means of 4 strain gauges arranged in a single strain
gauge station halfway down the bar, and converted into a voltage
using an uncompensated Wheatstone bridge. The same methodol-
ogy as described by Ref. [24] is applied and the force, velocity and
thus displacement at the tip of the impactor are obtained as func-
tions of time. Knowing the displacement of the impactor, and as-
suming a rigid support, the deflection of the specimen is given.
Furthermore, an energy balance can be drawn and the amount of
energy dissipated due to inelastic deformation and fracture can be
estimated. The results of these experiments were quantitatively
compared to those from LS-DYNA simulations, thus validating the
constitutive model.

The techniques so-far described are quite typical for low, me-
dium and high strain rate material characterisation. However, in
order to fully characterise the resin material, further techniques
were developed as described below.

2.2.1. Challenges for uniaxial tensile testing of epoxy resins
The difficulty in testing resins in tension arises from several

characteristics of these materials. Firstly, they are brittle, resulting



Fig. 5. Failure modes of RTM-6 tensile specimens: (A) failure in endcap; (B) failure in
transition region; (C) failure in gauge section.
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in a very high sensitivity to surface irregularities and bending [7]. A
crack that will be suppressed from growing further in compression
will result in abrupt failure in tension, and a comparably large
scatter in supported stress is inevitable. Furthermore, dog-bone
tensile specimens tend to break at random places outside the gauge
section [7] or immediately after the transition from the loading bar
to the specimen [22], resulting in an invalid test. Results with two
cracks along the gauge section have been achieved for strain rates
up to 680 s�1 [8], where the existence of two cracks has been
argued to be an indicator for mechanical equilibrium.

An alternative possibility for measurement of tensile strength of
brittle materials over a range of strain rates is the Brazilian test
[28,29]. It is often used for concrete and short fibre or particle
reinforced polymers. However, tests performed in this study
showed that although brittle in tensile tests, the RTM-6 resin does
not form tensile cracks at all in Brazilian tests performed using
anvils with 11 mm radius, and only does so using flat anvils after
a large portion of the specimen has undergone considerable plastic
deformation (Fig. 4). Apart from the fact that the resin exhibits
some plastic deformation in tension, the hydrostatic stress sensi-
tivity results in increased failure strength during the Brazilian test,
and it was concluded that this technique is therefore not applicable
to RTM-6.

An improvement on the tensile Hopkinson bar apparatus and
the specimen design therefore needs to be undertaken in order to
generate high strain rate tensile data. Four factors were identified
that contribute to the invalidity of tensile tests performed so far:
stress concentrations in the specimens, too long a gauge length,
a very short rise time of the input stress wave and a considerable
initial peak on this wave. Initially, specimen design was in-
vestigated (see Fig. 2). Preliminary specimens were produced with
a large radius of curvature, 20 mm, in the transition region between
the endcaps and the specimen gauge length; the gauge length was
9 mm. These specimens showed a tendency to fail at the transition
between the endcap and the resin rod even at the slowest possible
strain rates on the split Hopkinson tensile bar, forming a cavity
within the endcap (Fig. 5A); this occurred despite a 70� angle
machined in the endcap. A shortened gauge section (of 7 mm)
along with a reduced radius of curvature of 5 mm was therefore
adopted, and the strain rate at which this cavity occurred increased
to 600 s�1, with occasional failure closer towards the gauge section
(Fig. 5B). A further increase of strain rate was achieved by adopting
pulse shaping techniques. The aim of these techniques is to increase
the rise time of the input wave, and they are often applied to split
Hopkinson compression bars; for example, by using dummy spec-
imens [30] or pre-loading bars [31]. A recent study on Epon 828/
T-403 epoxy made use of a split Hopkinson tensile bar pulse
Fig. 4. Plastic deformation of RTM-6 under Brazilian test conditions with curved and
flat anvils.
shaping technique, utilising modified striker and incident bars, and
strain rates of 1200 s�1 were achieved [8]. For the current study,
a form of pre-loading bar has been developed which sits at the end
of the input bar (see Figs. 3 and 6).

The pre-loading bar is a flanged rod in which several modest
impedance jumps result in parts of the input wave being reflected,
leading to an increased rise time of the stress pulse. There is a fur-
ther impedance jump due to the flange connecting the pulse shaper
and the input bar. The effect of the pulse shaper is to increase the
rise time of the input signal, and therefore also smooth the stress
peak, caused by Pochhammer–Chree oscillations of the input sig-
nal. The chosen geometry of the rod is shown in Fig. 6 and the effect
of this device can be seen in Fig. 7. Using this device, it was possible
to increase the achievable strain rates to 3800 s�1, whilst reliably
failing the specimen in the gauge section (Fig. 5C).
Fig. 6. Pulse shaper geometry, for overview of the connection to the split Hopkinson
tensile bar see Fig. 3.



Fig. 7. Influence of the pulse shaper on the input stress wave.

Fig. 9. Representative stress–strain curves at 6 selected strain rates in compression.
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2.3. Results in compression and tension

In order to ensure that friction between the anvils and the
specimen is minimised, the anvils were carefully polished and the
lubricant ‘‘Castrol LMX Grease’’ was used for all compression ex-
periments. Fig. 10 shows a photographic record of the deformation
at two strain rates, where no significant barrelling occurred up to
the point of failure. For all high-rate tests stress equilibrium was
confirmed by comparing the stress at the end of the input bar with
that at the end of the output bar, and good agreement between the
two curves was observed (e.g. Fig. 8). For the following results true-
stress and strain (calculated assuming conservation of volume) are
reported.

The results from compression experiments are shown in Fig. 9.
These experiments show a marked increase of yield and flow stress
Fig. 8. Stress at ends of input and output bar as function of time for a compression
specimen (example of specimen HR-C-03, 4400 s�1).
and apparent elastic modulus with strain rate. Failure in both quasi-
static and high-rate experiments was catastrophic; the specimen
started breaking at the outer diameter due to a combination of
shear, tensile and compression stresses, resulting in ultimate dis-
integration of the specimens. The strain to failure was higher in the
high-rate experiments (55%) than in the quasi-static experiments
(45%), see Fig. 10. No failure was achieved at medium rates of strain
due to limitations of the loading system used.

For tensile experiments, the specimens were carefully aligned
with the load axis in order to reduce bending effects; however,
these are nearly impossible to completely eliminate, as reported in
Ref. [7], and a comparably large scatter in failure strength measured
is inevitable for all rates of loading. Analogical to the compression
experiments a validity check was performed for the high-rate
Fig. 10. Sequence of photographs of compressive experiments at quasi-static and high
strain rates.



Fig. 11. Representative stress–strain curves at four selected strain rates in tension.

R. Gerlach et al. / Polymer 49 (2008) 2728–2737 2733
tension. This included a check for constancy of strain rate using
a high speed camera and a check for constant strain using the
speckle analysis. As a further guideline for specimen design, a stress
state sufficiently close to stress equilibrium generally requires that
the loading pulse travels at least three times back and forth through
the specimen [8]. For the herein adopted short gauge section, this
takes around 17 ms, and the time for failure of all specimens
exceeded this value.

The results show a significant increase in failure strength and
apparent elastic modulus with increasing strain rate, while the
strain to failure decreases (Fig. 11). The fracture plane was nearly
perpendicular to the loading axes in all cases. Fracture occurred in
the middle of the gauge section at quasi-static and medium rates of
loading (Fig. 12). During the high-rate tests, fracture could occur at
one, two or more places simultaneously.

It has been argued that this could be used as an indicator for
stress equilibrium [8]; however, it only proves that the maximum
Fig. 12. Example frames showing fracture behaviour for tensile specimens at three
different strain rates.
stress was reached at a discrete number of points along the gauge
section. It seems to be more likely that this phenomenon is an in-
evitable result of stress wave reflections and other irregularities
(such as small imperfections in specimen dimensions) that prevent
perfect stress equilibrium.

The experiments were parameterised in terms of the yield
stress, derived from true-stress nominal-strain curves using Con-
sidère’s construction; the results are shown as a function of log
strain rate in Fig. 13.

The effect of hydrostatic stresses on the material response is
considerable, with the compressive yield strength being approxi-
mately 50% higher than the tensile. For modelling purposes, an
apparent modulus (secant modulus to 1% strain) was also derived,
and this is shown in Fig. 15. Both modulus and yield strength show
a nonlinear dependency on log strain rate, with a sharp increase in
gradient at a strain rate of approximately 900 s�1 for compression
and tension alike. Results from studies performed on other poly-
mers indicate that this increase is due to the beta relaxation process
in the polymer [17,32]. The authors are aware that it is generally
accepted not to be possible to derive a high strain rate modulus
from standard Hopkinson bar experiments. However, the apparent
modulus reported here is a pragmatic value required for modelling.
2.4. Results in 3-point bending

Fig. 14 shows typical force displacement curves for 3-point bend
tests, while Table 1 summarises the results obtained. The quasi-
static tests show a pronounced nonlinear behaviour; all beams failed
on the tensile side of the beam, and the results confirm the high
scatter for tensile strength in unidirectional tests. Although the
beams were carefully machined, the ultimate deflection at failure
varied considerably. For the quasi-static experiments, photography
and speckle correlation were used to find the displacement field on
the surface of the rod, and thus the compressive and tensile strains
in the rod could be calculated. The maximum tensile strain achieved
on the underside of the rod in the quasi-static experiments was 8%,
compared to the 10% reached in unidirectional tensile tests.

The high speed experiments generally showed a slightly in-
creased stiffness of the beam, as expected from the strain rate
sensitivity of the beam material. The ultimate deflection was
Fig. 13. Strain rate dependency of yield stress (Considère’s construction).



Fig. 14. Results of the quasi-static and dynamic 3-point bending tests on RTM-6. The
nominal stress, s, is calculated by dividing the force by the beam width.
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considerably lower than in the quasi-static experiments. This trend
is consistent with the findings from the uniaxial tensile
characterisation.

3. Constitutive model

The Goldberg model is extensively described in Refs. [19–21]. It
assumes that the total strain (3T) in the deformed polymer consist of
an elastic (3E) and an inelastic (3I) parts:

3T
ij ¼ 3E

ij þ 3I
ij: (2)

Using the elastic strain tensor and the isotropic compliance
matrix C(E, n), the stress tensor and its deviatoric component Sij can
be calculated. Written in incremental notation to highlight the
components that evolve with the strain/time-increment, the in-
elastic strain rate-tensor is

_3I
ij tð Þ
¼ 2D0 exp �1

2
Z tð Þ
se tð Þ

 !2n
2
4

3
5 SijðtÞ

2
ffiffiffiffiffiffiffiffi
J2ðtÞ

q þ a tð Þdij

0
B@

1
CA: (3)
Table 1
Summary of experimental results for 3-point bending tests

Specimen smax [kN/mm] dmax[mm] Speed [m/s]

HR-01 – 5.70 8.0
HR-02 – 5.80 9.5
HR-03 – 5.80 5 (intact)
HR-04 – 5.60 7.0
QS-05 0.082 10.00 3.4E�06
QS-06 0.079 9.24 3.4E�06
QS-07 0.072 7.70 3.4E�06
In Eq. (6) D0 is a material constant representing the maximum
inelastic strain rate, and the constant n controls the rate de-
pendency of the material. J2(t) is the absolute value of the second
invariant of the deviatoric stress tensor, dij is the Kronecker-symbol,
and se(t) is the effective stress

seðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffi
3J2ðtÞ

q
þ

ffiffiffi
3
p

a tð ÞakkðtÞ with skkðtÞ ¼ 3shðtÞ (4)

while sh(t) is the hydrostatic stress. Z(t) is a state variable repre-
senting the resistance to molecular flow, and a is a state variable
controlling the effect of hydrostatic stresses. Their evolution-
equations are

_Z tð Þ ¼ q Z1 � Z tð Þ
� �

_eI
eðtÞ

_a tð Þ ¼ q a1 � a tð Þ
� �

_eI
eðtÞ: (5)

Integrating these equations leads to

Z tð Þ ¼ Z1 � Z1 � Z0ð Þ$exp �q$ _eI
eðtÞ

��

a tð Þ ¼ a1 � a1 � a0ð Þ$exp �q$ _eI
eðtÞ

��
(6)

with the indices 0 and 1 marking the initial and maximum values of
the state variables Z and a, and q being a material constant repre-
senting the ‘‘hardening’’ of the material. Finally, the effective
deviatoric inelastic strain rate is defined as follows:

_eI
eðtÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3

_eI
ijðtÞ _e

I
ijðtÞ

r

_eI
ijðtÞ ¼ _3I

ijðtÞ � _3I
mðtÞdij

_3I
mðtÞ ¼ _3I

11ðtÞ þ _3I
22ðtÞ þ _3I

33ðtÞ

�
=3:

�
(7)

The material constants that need to be determined are D0, n, q,
Z0, Z1, a0 and a1. The procedure used to define the material con-
stants D0, n, q, Z0, Z1 in this study follows the original approach [33],
which uses a number of uniaxial tensile or compression tests at
different strain rates to curve fit the constants. Since experimental
data for shear were not available, a0 and a1 were obtained itera-
tively by comparing compressive and tensile data at the same strain
rate.

3.1. Incorporation of rate dependent modulus and rate dependent
failure criterion

In the original Goldberg Model, the elastic modulus is strain
rate-independent. However, the purely elastic part of a polymer’s
mechanical response occupies only a very small region of strain,
and experimental stress–strain curves show nonlinear stress–
strain behaviour almost from the start of the loading. Experi-
mental data from the literature and the experiments on RTM-6
resin within this project have shown, that this ‘‘apparent’’ elastic
modulus (secant modulus) of glassy polymers is in fact highly
strain rate dependent. This phenomenon is assumed to be of sig-
nificant importance for strain rate dependent virtual testing of 3D
weavings. Therefore, a simple formula to account for this strain
rate dependency, as suggested in Ref. [34], has been introduced.
Firstly, a linear dependence of elastic modulus Elin(t) on log strain
rate was introduced:

ElinðtÞ ¼ E0 1þ C1 ln
_3 tð Þ
_30

�
:

�
(8)
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The subscript 0 denotes the initial values of the strain rate and
modulus, and C1 is scaling material constant. This modulus only
feeds back into the compliance matrix. The effective strain rate is
given by
_3 tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3

�
_311 � _3mÞ2 þ

�
_322 � _3mÞ2 þ

�
_333 � _3mÞ2 þ 2_32

12 þ 2_32
23 þ 2_32

13

ihr
(9)
and

_3m ¼
1
3

_311 þ _322 þ _333Þ:ð (10)

However, the experimental results (see Fig. 13) show a marked
nonlinear rate dependence of engineering properties. This needs to
be taken into account by the model, and simple variation of the
Weibull distribution formulation has been adopted:

EaddðtÞ ¼ Ediff 1� exp C2
�
_3 tð Þ
�C3
��
:

��
(11)

with both C2 and C3 being scaling material constants and Ediff

representing the maximum increase of elastic modulus that can be
modelled. The reason for the choice of an upper boundary for the
elastic modulus is the unavailability of experimental validation data
at strain rates in excess of 6000 s�1. The total strain rate dependent
modulus used for the modified Goldberg model is

E tð Þ ¼ ElinðtÞ þ EaddðtÞ: (12)

The determination of the material constants C1, C2 and C3 is
performed using the experimentally measured apparent moduli at
different strain rates (Fig. 15).

When evaluating the moduli, it is important to note that in the
tensile experiments at all strain rates the specimen strain was
calculated by tracking or stripes speckles applied to the specimen
surface within the gauge length, using the laser extensometer for
the quasi-static experiments and appropriate high speed cameras
at the medium and high strain rates. On the other hand, the strain
in the compressive experiments was calculated using the
Fig. 15. Experimentally measured modulus and computed rate depended modulus
incorporated into the Goldberg model.
displacement of the anvils. This means that there was a tendency to
underestimate the apparent compressive modulus, especially in
the high-rate experiments where the rise time of the input and
reflected pulses as well as the travel time in the specimen also play
a role. Therefore, the tensile modulus must be regarded as more
reliable than the compressive modulus in these data.

The original Goldberg model does not include a failure criterion.
In order to simulate the fundamentally different failure behaviour
of RTM-6 in compression and tension, it is assumed that com-
pression does not lead to failure, whilst the brittle response in
tension is modelled. In order to differentiate between compression
and tension the hydrostatic stress is used. In order to predict tensile
failure, the failure criterion must be chosen taking into account the
very small post-yield gradient of the stress–strain curve (close to
perfect plasticity) in tensile experiments. A stress based failure
criterion would lead to a very high sensitivity of the failure strain;
therefore, a simple strain based formulation (maximum principal
strain) for failure was chosen:

3T
ets ¼

ffiffiffi
2
3

r
$

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3T

1

� �2þ 3T
2

� �2þ 3T
3

� �2
q

: (13)

The equivalent total strain 3T
ets is, furthermore, assumed to be

rate dependent, as observed in the experiments. For simplicity, the
same rate dependence as observed for the modulus is used:

3fail tð Þ ¼ 3in þ 3diff 1� exp C2
�
_3 tð Þ
�C3
������

(14)

where the constants C2 and C3 are the same as in Eq. (11), 3in is the
initial failure strain, and 3diff is the difference between the failure
strain in quasi-static and high-rate experiments. The used material
constants are shown in Table 2.
3.2. Results and model validation

The model was implemented into the FEM software LS-DYNA as
a user defined material model. A comparison of the model and
experimental results at different strain rates is shown in Fig. 16.

Qualitatively, the model captures the hydrostatic stress effects,
the brittle response in tension, the ductile response in compres-
sion, the strain rate dependency in general and the rate de-
pendency of the modulus and the failure strain in particular.
Quantitatively, the stress–strain relationship is very well captured
for quasi-static loading. At medium rates, the tensile behaviour
is captured well too, while in compression, the stresses are
slightly over predicted. At high rates, the model is capable of
describing the compressive response reasonably well while it
under predicts the tensile stresses. The tensile stress–strain
Table 2
Summary of material constants required for room temperature modelling of RTM-6
resin

Material constants for the original Goldberg model

E0 v a0 a1 Z0 Z1 n D0 q

2840 0.38 0.06 0.13 400 750 0.93 1� 106 90

Material constants required for the extended model

30 Ediff 3in 3diff C1 C2 C3

0.001 3500 0.1 �0.05 0.01 �1� 10�10 3



Fig. 16. Comparison of experimentally generated data against the output of the extended Goldberg model in compression and tension at different strain rates.

Fig. 17. Comparison of the deflections measured from high speed camera footage of
a 3-point bend validation experiment against the LS-DYNA simulation (specimen HR-
03, see Fig. 14).

Fig. 18. Comparison of the force record from a 3-point bend validation experiment the
LS-DYNA simulation (specimen HR-03, see Fig. 14).
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relationship is represented very well for quasi-static and medium
rates of strain, but the failure stresses at high strain rates are
under-represented by roughly 20%. The experimental data suggest
that in terms of the Goldberg constants the value of Z1 should be
made rate dependent for tensile behaviour, but this has not been
addressed in this study.

In order to perform a large scale validation of the constitutive
model, the 3-point impact bending test described in Section 2.2
was simulated. The applied boundary conditions were the initial
velocity of the impactor and rigid contact between the specimen
and the support (see Section 2.1). Validation consists of comparing
the model output for the velocity and force at the tip of the im-
pactor with that observed in the experiment. Figs. 17 and 18 show
the results for specimen HR-03. Quantitatively the force time curve
is very well captured. The displacement time curve agrees excel-
lently with experimental results until the point of maximum de-
flection, subsequent differences are related to the unloading
behaviour of the resin.
4. Conclusions

The results of comprehensive mechanical characterisation of the
room temperature response of RTM-6 resin system at a range of
strain rates have been presented. By applying a novel pulse shaping
technique and improved specimen design tensile data at strain
rates not yet reported in the literature were generated. Thus de-
rived data contribute to the understanding of the observed differ-
ences between compressive and tensile behaviour at high rates of
strain.

The Goldberg polymer model has been modified to comprise
the observed and quantified strain rate depended stiffness. A
simple fracture criterion has been added that takes the different
responses in compression and tension into account. The consti-
tutive model has been implemented into the explicit FEM software
LS-DYNA, allowing for a verification of the model against experi-
ments with complex stress states. The modified constitutive
model showed an excellent agreement with the experimental
data.
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