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Abstract

Accurate prediction of the lifetime of unidirectional fibre composites requires a model that
captures matrix viscoplasticity across generic loading histories. We propose a compact, rate-
dependent hardening law for highly crosslinked epoxies that unifies constant-strain-rate and
creep behaviour. The yield stress depends exponentially on accumulated plastic strain and
logarithmically on plastic strain rate, and the relationship is analytically invertible for direct
use in a finite element code. Parameters are calibrated from compression tests at multiple
strain rates and from hold-at-load creep tests; validation is performed on RTM-6 and new
736LT epoxy data. The model reproduces (i) the near-linear o,—logé trend from pre-yield
through softening and hardening, (ii) the time-dependent transition from pre- to post-yield
during creep, including the rate surge near softening, (iii) long-term (14.5 h) creep more
faithfully than stress—time power laws, and (iv) trends in cyclic, variable-rate, and tensile
tests. The resulting, easily calibrated formulation enables robust simulation of matrix vis-
coplasticity in composite-scale models, improving durability predictions for load-bearing
structures such as pressure vessels and wind-turbine blades.

Keywords Viscoplastic behaviour - Epoxy resin composites - Time-dependent constitutive
modelling - Long-term load performance - Creep compression testing

1 Introduction

Time-dependent failure of composites often plays a major role in the design of any stati-
cally loaded component, for example, in the service life of composite pressure vessels (Mair
2017). The degradation of composite materials over time is not always clear since the overall
strain or appearance does not change significantly, while internal damage can grow over time
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(Cole et al. 2017). Insufficient knowledge of the failure mechanism can lead to large safety
factors or frequent maintenance inspections. Measuring the residual properties and degra-
dation of a composite over time is a complex matter due to the many influencing factors
and the existence of complex damage modes. Modelling this time-dependent degradation is
essential, as it could yield important insights into the mechanisms and estimate the lifetime
under a given load. It is generally accepted that the final failure of composite materials is
caused by fibre failure when loaded in tension. Previous studies show that failure develops
in different stages. First, the weakest fibres break at a certain strain because the fibre strength
follows a weakest link or Weibull distribution based on defects in the fibres (Rosen 1964,
Kelly and Barbero 1993; Schadler et al. 1996). These breaks are spread out across the whole
volume of a ply (Phoenix et al. 1988). When a fibre breaks, its load is distributed to the
neighbouring intact fibres. The matrix transfers this load via shear stress from the broken
fibre to the neighbouring ones (Schadler et al. 1996; Lagoudas et al. 1989). This results in
an overload of the neighbouring fibres, increasing their failure probability and causing a ten-
dency to form clusters (Thionnet et al. 2014; Scott et al. 2011). This process will continue
until one cluster becomes critical and will catalyse the final composite failure.

The time dependency of longitudinal tensile failure is most often attributed to the viscous
properties of the matrix (Phoenix et al. 1988; Thionnet et al. 2014; Lifshitz and Rotem
1970; Kumar and Talreja 2003; Perreux and Thiebaud 2011). When the matrix is stressed
after an initial fibre break, it relaxes over time, inducing an increased ineffective length and
spreading the overload to a larger portion of the neighbouring fibres (Rosen 1964; Lifshitz
and Rotem 1970; Iyengar and Curtin 1997; Du and McMeeking 1985; Miyake 2011). The
probability of creating new fibre breaks near existing ones will increase over time until one
cluster becomes critical, leading to final failure. The time required to develop such a cluster
will determine the lifetime of the composite under this given load condition.

The time-dependent parameters are sometimes extracted from a low-load tensile test or
an in-situ stress measurement using micro-Raman spectroscopy. The in-situ approach is con-
ducted on a 2D unidirectional (UD) composite specimen or the surface of a 3D one held at a
constant macroscopic displacement. The fibre stress is calculated by measuring the change
of a calibrated Raman shift (Miyake 2011; Beyerlein et al. 2003; Zhou et al. 2003). How-
ever, the accuracy of such measurements seems to be limited. Extracting the time-dependent
properties is non-trivial, and the loading conditions are different than those in the centre of
a 3D closely packed composite. Note that the time-dependent viscoplastic response of the
epoxy matrix plays a role under creep-type loading conditions, such as around bolted areas,
under cyclic loadings, especially at moderate temperatures, or under high-rate transverse
loading problems.

The failure of a bulk epoxy specimen strongly depends on the loading condition. When
performing a tensile test, the epoxy behaves in a brittle manner; it behaves almost linearly
elastic up to the point of instantaneous rupture (Hsieh et al. 2010; Hobbiebrunken et al.
2007; Kontou 2011; Silva et al. 2017). No damage or plasticity was observed before this
point (Lifshitz and Rotem 1970; Morelle 2015). When loaded in compression, the behaviour
changes significantly. The material exhibits significant non-linear elastoplastic behaviour up
to the upper yield stress o,,, followed by softening and hardening up to 70% true strain as
depicted in Fig. 1 (Hsieh et al. 2010; Morelle 2015; Costa Mattos 2013; Foreman et al.
2008; Jianlin et al. 2022; Kumar et al. 2024; Liu et al. 2022). Recent studies on thin epoxy
fibres indicated similar plastic behaviour in tension (Hobbiebrunken et al. 2007; Misumi
et al. 2016; Sui et al. 2019; Verschatse et al. 2020). Chevalier et al. (2016) investigated
this size effect and concluded that this limiting strength in tension corresponds to reaching
the maximum theoretical principal stress inside the resin at a submicrometre defect with a
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critical aspect ratio. Using molecular dynamics simulations (Neogi 2018) and experimental
double-notch tests (Rojek et al. 2020), one possible submicrometer defect was identified to
be a void, which can grow over time under a tensile load. One could assume that a resin
pocket near a fibre break has a low probability of exhibiting such a defect due to its limited
size and should thus be characterised by its full non-linear elastoplastic behaviour (Heuvel
et al. 1998). Moreover, the stress near a fibre break is mainly shear stress, which leads to a
large deformation rather than fracture (Fiedler et al. 2001).

Modelling strategies for the time-dependent behaviour of epoxy resins vary considerably.
Most studies rely on empirical power-law formulations, expressed as a function of time
(Phoenix et al. 1988; Lagoudas et al. 1989; Perreux and Thiebaud 2011; Beyerlein et al.
1998, 2003; Kotelnikova-Weiler et al. 2017; Koyanagi et al. 2007; Zhou et al. 2002; Feng
et al. 2005), stress state (Iyengar and Curtin 1997; Ohno and Miyake 1999; Liu et al. 2022),
(plastic) strain state (Du and McMeeking 1985; Jianlin et al. 2022), or combinations thereof
(Kelly and Barbero 1993; Okabe et al. 2010; Goertzen and Kessler 2006; Mason et al. 1992;
Paul and Singh 2022). Other approaches describe creep or relaxation behaviour through
time-dependent compliance (Lifshitz and Rotem 1970; Krauklis et al. 2019), apparent shear
relaxation moduli (Nakada and Miyano 2013), or classical spring—dashpot analogues such
as Zener or Burgers-type models (Blassiau et al. 2006; Nechad et al. 2005; Paul and Singh
2022; Liu et al. 2022; Kumar et al. 2024; Gerritzen et al. 2022; Nguyen et al. 2016; Zhang
et al. 2022; Ilioni et al. 2018). However, these last models are generally limited to the vis-
coelastic regime well below the yield point and do not adequately capture the transition from
pre-yield to post-yield behaviour. To the best of the authors’ knowledge, no continuum-level
model has yet been published that captures the creep behaviour across this transition and
into the softening region after the yield point. The notable exception is the mesoscale model
by Chevalier et al. (2018), which explicitly considers Shear Transformation Zones (STZs).
While physically insightful, such mesoscale descriptions are not readily applicable in macro-
scopic finite element simulations. Since the local shear stress near fibre breaks can exceed
the epoxy yield strength, capturing the full creep response—from pre-yield to post-yield—is
essential for accurate lifetime prediction of fibre-reinforced composites.

The aim of this study is therefore to develop a novel, rate-dependent hardening law ca-
pable of describing both the instantaneous and time-dependent mechanical behaviour of
highly crosslinked epoxies. Building on previous findings for the RTM-6 resin system, the
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proposed phenomenological law is validated using new experimental data for the 736LT
epoxy resin. Owing to its simplicity and closed-form nature, the model can be implemented
efficiently into finite element software (here, Abaqus FEA). The parameters are calibrated
using simple compressive constant-strain-rate tests and hold-at-load creep experiments on
macroscopic cylindrical epoxy specimens. The model is then assessed under various loading
conditions, including long-term creep, cyclic loading, tension, and variable strain-rate tests.
A key contribution of this work is to demonstrate that both moderate-rate and quasi-static
creep behaviour can be unified under a single hardening law, reflecting a common underlying
mechanism. The model, supported by experimental results, predicts a time-dependent transi-
tion from the pre-yield to post-yield regime—marked by pronounced plastic deformation—
which governs the stress redistribution in the matrix near fibre breaks and therefore plays a
central role in the long-term failure of fibre-reinforced composites.

2 Rate-dependent hardening law

The formulation of the hardening law is based on the work by Morelle and co-authors
(Morelle 2015; Morelle et al. 2017) on the highly crosslinked RTM-6 resin. Morelle took
into account three contributions to the specific non-linear elastoplastic behaviour: a non-
linear viscoelastic-viscoplastic contribution, a softening regime, and the hardening part (see
Fig. 1). Exponential empirical functions were proposed to represent both the first two con-
tributions. The hardening part was modelled by an inverse Langevin function. The reader
is referred to (Morelle et al. 2017) for more details on this static model. The variation of
the yield stress of the RTM-6 resin in compression determined at a constant strain rate was
found to depend linearly on the logarithm of the strain rate (Morelle et al. 2017). Morelle
conducted various hold-at-constant-load creep tests as well, in which a cylindrical epoxy
specimen was compressed up to a certain strain, after which it was held at a constant load
for 2000 s (Morelle 2015). Figure 2 summarises the results. The creep strain depends not
only on stress but also on the overall strain imposed prior to the creep step. The creep rate is
significantly higher in the softening stage compared to the hardening regime, whilst creep is
much slower in the pre-yield region.
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If the mechanisms of plastic deformation in a constant strain rate and creep test are the
same, one could assume that an adequate viscoplastic hardening law should be able to en-
compass both phenomena as a manifestation of a single underlying more fundamental vis-
coplastic deformation mechanism, such as suggested for instance by Chevalier et al. (2018)
based on a molecular informed shear transformation zone model. Indeed, one can observe,
and this is a key novel element of the analysis of this study, such a similarity when gathering
all data in a unique stress-strain-strain rate diagram depicted in Fig. 3. The hold-at-constant-
load tests contain information on the material behaviour at very low strain rates, comple-
mentary to the moderate to high strain rate data of the constant strain rate tests. Moreover,
the strain rate dependency appears linear on a logarithmic scale, even at low strain rates.

Based on this empirical observation, the following hardening law for the yield stress is
proposed, using the classical separation of total strain into elastic and plastic strain (&; =
Ee+Ep):

oy =(Cilogyyé, + C2) exp(—Cse,) — (Calog, &, + Cs) exp(—Cee ) 0
+ (C7 logoép + Cg) exp(Cosp).

in which o, is the true yield stress, &, the true plastic strain rate, &, the true plastic strain,
and C| o positive empirical coefficients. The coefficients can be identified based on several
experiments. The yield stress equation contains three terms based on Morelle et al. (2017):
the non-linear viscoplastic, the softening, and the hardening contribution, represented by
exponential functions. The logarithmic strain rate dependency is added in the pre-factor for
each of the three terms. This equation is purely empirical but exhibits a very useful property
from a modelling perspective: it can be inverted with respect to strain rate. One can rearrange
Equation (1) into an analytical equation for the plastic strain rate as a function of the true
stress and plastic strain:

oy, — Crexp(—Csep) + Csexp(—Cesep) — Csexp(Cogp)
Ciexp(—Csep) — Caexp(—Ceep) + Crexp(Cos)p)

(@)

logypé, =

Equation (2) can also be differentiated with respect to stress and strain. When implemented
in an implicit finite element (FE) solver with the relevant plasticity theory (in this case,
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Abaqus (Smith 2009)), these values are required to improve convergence, allowing for larger
time steps (Systemes 2023). Another advantage of this equation is that it can reproduce the
softening part (see Fig. 1) of the stress-strain diagram without encountering convergence
issues.

The empirical coefficients in Equation (1) are obtained based on two types of exper-
iments, the constant strain rate compression test and the hold-at-load compression creep
tests. In the latter test, the plastic strain is fitted as a function of time, for each individual
sample, with a simple power law:

&p= at? + y. 3)

Hereafter, the instantaneous strain rate is calculated based on the derivative of Equation (3)
with respect to time. Finally, all data points can be plotted into a single three-dimensional
plot, displaying the true stress as a function of true plastic strain and true plastic strain rate
for both the constant strain rate tests and the hold-at-load tests. The fitting of Equation (1)
was conducted using the Matlab fitting toolbox. The fitting scheme is depicted in Fig. 4. For
more details, the reader is referred to the automated script and the raw data files available to
download from Mendeley data (Feyen et al. 2024).

The RTM-6 resin demonstrates complex non-linear unloading behaviour, identified by
Chevalier et al. to be caused by back stresses in the material (Chevalier et al. 2018). The
proposed model does not consider these back stresses and accounts solely for linear elasticity
and plasticity governed by the proposed hardening law (see Equation (1)).

Morelle et al. (2017) used a Drucker-Prager constitutive model to account for the asym-
metry in yield behaviour. In their work, the yield stress in tension was 86% of that in com-
pression, displaying a moderate asymmetry. In practice, tensile and shear deformation tests
should be conducted up to large strains to assess this asymmetry. This asymmetry was not
taken into account due to the uncertainty of the post-yield behaviour, and for the sake of
simplicity, J2 plasticity was selected, relying on the isotropic von Mises yield locus. Further
experimental tests using small-scale specimens should be conducted to enable the model
to account for possible asymmetry (Hobbiebrunken et al. 2007; Misumi et al. 2016; Littell
et al. 2008).
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Fig.5 (a) the workflow of the tensile and compression specimens processing from resin to cylindrical slab,
(b) the demoulded cylindrical slab, (c) dimensions of the compression test sample, and (d) dimensions of the
tensile test sample (Color figure online)

3 Materials and methods
3.1 Materials and production

The material investigated in this study is the 736LT epoxy resin, which is used for the pro-
duction of thin-ply pre-impregnated (prepreg) by North Thin Ply Technology (NTPT). The
manufacturer of the 736LT resin supplied the datasheet for the prepreg material, which did
not contain detailed information on the mechanical properties of the resin (NTPT Thin-
preg 736LT Datasheet 2017). The epoxy resin was supplied as two components: base resin
(bisphenol-A type) and hardener (amine). The epoxy was prepared using 26 parts of hard-
ener to 100 parts of resin, based on correspondence with the manufacturer. At room temper-
ature, the resin is too viscous (1 x 105 Pa.s) to be moulded, so it was pre-heated to 85 °C.
The pre-heating was followed by manual mixing with the hardener using a spatula to avoid
air entrapment commonly observed when using electric mixers. Degassing was conducted
at 70 °C in a vacuum oven (Vacutherm, Heraeus instruments) for a period of 60 minutes
to remove entrapped volatiles. A syringe with a large diameter nozzle was used to pour
the resin into cylindrical test tubes of 16 mm diameter and 100 mm length. The tubes were
treated with Chemlease® PMR 90 EZ release agent before pouring in the resin. The prepared
test tubes were placed in a holder to facilitate the airflow in a convection oven (Memmert
UF 110) and guarantee an even temperature distribution. A stepwise temperature increase
was used to cure the mixed epoxy resin, according to the manufacturer (NTPT Thinpreg
736LT Datasheet 2017). The full workflow of the resin production process is depicted in
Fig. 5a. The obtained cylindrical slabs did not contain macroscopic voids or porosities. A
slight colour gradient was present at the top and bottom (see Fig. 5b), but these areas were
removed during machining. From the cylindrical slabs, cylindrical compression specimens
were machined according to dimensions based on the ASTM D695 standard with a height of
12 mm and a diameter of 12 mm (ASTM 2015) (see Fig. 5c). Cylindrical dumbbell-shaped
specimens were machined for uniaxial tensile testing with a 9 mm diameter and a 35 mm
gauge length (see Fig. 5d).

3.2 Constant strain rate tests

Compression tests were conducted using a dedicated fixture described in the ASTM D695,
produced by Wyoming Test Fixtures Inc. (WTF-SP 1” diameter). The tests were conducted
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on a Zwick/Roell Z250 with a central ball-lead screw and a load cell of 30 kN. The ambient
temperature was controlled at 23 °C with a relative humidity of 40%. A polytetrafluoroethy-
lene (PTFE) film with a thickness of 70 ptm was placed at the top and bottom of the specimen
to avoid barrelling, as suggested by (Chevalier et al. 2016; Morelle et al. 2017). During the
tests, only slight amounts of barrelling developed at the highest strain levels. Some speci-
mens deformed slightly in shear, possibly caused by the friction between the specimen and
fixture being too low. These were excluded from the dataset when the shear deformation was
deemed significant. The extracted displacement data was corrected for machine compliance,
which was measured separately by using the fixture without a specimen present to obtain the
force-displacement curve. Four quasi-true strain rate tests were performed, namely 0.1 s~!,
0.01 s71,0.001 s~!, and 0.0001 s~!. The quasi-true strain rate was estimated by assuming
perfect plasticity (volume conservation) and by using the dimensions and geometry of the
undeformed specimens.

3.3 Hold-at-load tests

The hold-at-load tests were conducted in compression to avoid premature failure at pre-
existing defects (Chevalier et al. 2016). The same setup and climatic conditions as described
in Sect. 3.1 were used. The specimen was loaded to a predefined strain at a constant strain
rate of 0.001 s~ after which the load was held constant for 2000 s, followed by unloading
at the same rate, similar to the procedure applied on the RTM-6 resin (Morelle 2015). Spec-
imens were held at six different load levels in the pre-yield region (1.1, 3.4, 5.6, 7.9, 10.2,
and 11.3 kN) and three in the post-yield region (12.4, 17, and 23 kN). An overnight hold-
at-load test was conducted to examine the validity of extrapolating the constitutive model
based on short-term hold-at-load data (2000 s) and constant strain rate data towards longer
timescales. The specimen was compressed for over 14.5 hours (52200 s) under a load of
11.5 kN, just below the upper yield stress. This load was chosen to capture the transition
between pre-yield and post-yield creep behaviour within the test time.

3.4 Strain rate jump tests

A strain rate jump test was performed in compression using the same setup described in
Sect. 3.1. During the test, the cross-head displacement rate was abruptly increased from 0.1
to 1, 10, and 100 mm/min at macroscopic true strains of 0.15, 0.27, and 0.41 for the RTM-6
resin (Morelle 2015), and at 0.15, 0.41, and 0.64 for the 736LT resin tested in this work. The
736LT resin exhibited larger ductility than the RTM-6 resin; therefore, the strain intervals
for the rate jumps were distributed more evenly across the higher strain range.

3.5 Cyclicloading tests

One cyclic loading test was conducted in compression using a similar setup and climatic
conditions described in Sect. 3.1. The cross-head velocity was set at 0.1 mm/min. The spec-
imen was compressed up to a true strain of 0.088, after which it was unloaded at the same
rate. This was followed by a reloading step and unloading at true strains of 0.2, 0.28, 0.38
and 0.49 for the RTM-6 resin (Morelle 2015) and at 0.067, 0.18, 0.32, 0.46, and 0.61 for the
736LT resin, performed in this work, respectively.
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Fig.6 FEM of (a) an epoxy
cylinder in between two steel
holders and (b) the tensile
specimen (Color figure online)

3.6 Uniaxial tensile test

An uniaxial tensile test was conducted to assess the validity of extending the epoxy model
towards tensile behaviour. The specimens were tested on an Instron 5567 universal testing
machine with a 30 kN load cell. The constant cross-head displacement was set to obtain a
true strain rate of 0.001 s~'. The tensile specimens were speckled using a black-and-white
pattern to obtain high-contrast points. Digital-Image-Correlation (DIC) was used to monitor
the in-situ 2D true strain using the Limess Vic2D-2009 software package. The measured
load was directly used as input for the DIC software to ensure accurate data synchronisation.

3.7 Finite element modelling procedures

A finite element model (FEM) was executed using Abaqus 2023 CAE commercial software
from Simulia/Dassault Systemes, in conjunction with a FORTRAN compiler (Intel C4+-
2018 and Intel Fortran 2018), to validate the fitting procedure and assess the applicability of
the novel treatment of rate-dependent hardening. All scripts and models used in this study
are available to download from Mendeley data (Feyen et al. 2024). The epoxy cylinder was
simulated under both compression and tension, with the boundary conditions and loads illus-
trated in Fig. 6. Although the current loading configurations for the resin are axisymmetric,
3D simulations were conducted to showcase the numerical efficiency and robustness of the
model.

In the compression model (see Fig. 6a), the top of the upper cylinder was subjected to a
displacement or pressure boundary condition to compress the specimen, accompanied by an
additional boundary condition to constrain its in-plane movement. The bottom of the lower
cylinder was fully constrained, and all other free surfaces were left unconstrained. A surface-
to-surface contact boundary condition was applied between the steel cylinders (master) and
the epoxy cylinder (slave), allowing the surfaces to slide over one another. A default friction
coefficient of 0.01 was used. Simulations using a friction coefficient of 0.1 were conducted
to examine the effect of friction on the apparent stress-strain behaviour for different load-
ing conditions. When friction is present, the specimen exhibits some barrelling, which is
more pronounced at higher deformations. The latter was also observed experimentally. The
stress state within the material is no longer uniform at this point. The overall external work
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combined with the displacement of the top cylinder, was used to generate the yield curve,
assuming perfect plastic homogeneous deformation (similar to what one assumes when ex-
tracting the experimental test data), to avoid the ambiguity of the non-uniform stress state.
The cylinders representing the test fixture were modelled as elastic, with a modulus of 800
GPa to ensure minimum deformation (and thus energy increase in the simulation model),
thereby neglecting machine compliance. Note that all the experimental results are corrected
for this compliance separately. The tensile sample (see Fig. 6b) was modelled as a cylindrical
specimen with an increased surface area near the ends to obtain a uniform uniaxial tensile
stress in the central part. The advantage of this setup is that a constant load can be applied
as a constant pressure boundary condition at the upper face of the model while avoiding te-
dious contact constraints when using separate steel cylinders to obtain a similar effect. The
matrix behaviour was modelled to be linear elastic-viscoplastic using the Abaqus CREEP
subroutine, written in FORTRAN (provided in Feyen et al. 2024). In this subroutine, the
deformation of the matrix is controlled by the equivalent plastic strain and true stress in the
element, as explained in the Abaqus User Subroutines Reference Guide (Systemes 2023).
The hardening law and its derivatives need to be defined by the user and were obtained us-
ing Equation (1). Several different simulations were conducted using this model. First and
foremost, the hold-at-load and constant strain rate tests were replicated to evaluate the ac-
curacy of the calibration procedure, both for the 736LT resin and the RTM-6 resin. The test
data of the RTM-6 resin was used from the work of Morelle (2015). Next, three simulations
mimicking the different loading conditions (cyclic, variational strain rate and tensile) of the
validation tests were computed to assess the limitations and validity of the model. Addition-
ally, the extrapolation of the creep data towards larger timescales was investigated, and a
comparison was made between the time-dependent power law, most often used in the liter-
ature (Kelly and Barbero 1993; Phoenix et al. 1988; Lagoudas et al. 1989; Beyerlein et al.
1998; Kotelnikova-Weiler et al. 2017; Koyanagi et al. 2007; Zhou et al. 2002; Goertzen and
Kessler 2006; Mason et al. 1992), and the current model for the overnight hold-at-constant-
load test (14.5 hours). The power law was fitted with a stress dependency in the pre-yield
region, using the same experimental data for the RTM-6 and the 736LT resin. Finally, a
simulation of a creep test in tension was conducted to examine whether the model captures
the three classical creep stages (primary, secondary, and tertiary creep (Nechad et al. 2005;
Vujosevic and Krajcinovic 1997)).

4 Results and discussion: experiments and simulations

The datasets from the constant strain rate and hold-at-load tests were combined, and the
fitting procedure described in Sect. 2 was applied to both the 736LT resin (using the exper-
iments performed in this work) and the RTM-6 resin (using the data of Morelle 2015). The
constants of the proposed hardening law are provided in the accompanying Fortran subrou-
tine files (Feyen et al. 2024). Conversion of the load-displacement curves to true stress—true
strain curves was performed under the assumption of homogeneous deformation. At high
loads, however, the specimens exhibited noticeable barreling, violating this assumption and
reducing the reliability of the curves in the large strain range. Nevertheless, a consistent com-
parison between experiments and simulations remains valid, as the mechanism of barreling
(and the corresponding effect on the yield curve) is captured by the simulations.

4.1 Constant strain rate tests

Figure 7 compares the experimental and simulated stress—strain responses from the constant
strain rate tests for both RTM-6 and 736LT. Since the model does not include a failure
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Fig. 7 Comparison of experimental and simulated constant strain rate tests (10~!, 1072, 1073, and 104
sfl) for (a) RTM-6 (data from Morelle 2015) and (b) 736LT. Circles represent experimental data; solid lines
denote model predictions. The applied friction coefficient was 0.01 (Color figure online)
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Fig. 8 Apparent true stress as a function of apparent true strain derived from hold-at-load tests and simu-
lations for effective strain rates of 1073, 10~%, and 107> s~! for (a) RTM-6 and (b) 736LT. The applied
friction coefficient was 0.01 (Color figure online)

criterion, the simulations were terminated near the experimental fracture strains. Overall,
the stress—strain behaviour depends approximately linearly on the logarithm of the strain
rate, except for the hardening region, which appears largely rate-insensitive.

A good agreement between experimental and simulated results is obtained for both
resins, confirming that the fitting procedure successfully captures the rate-dependent yield
and softening behaviour. Minor discrepancies remain in the hardening region, where the
model slightly underestimates the experimental stresses. For the 736LT resin, the softening
region deviates more noticeably at the lowest strain rate (10~* s~!). The data from the hold-
at-load creep tests were subsequently converted to equivalent constant strain rate data, using
the procedure described in Sect. 2. These converted data correspond to lower effective strain
rates, thereby extending the strain rate spectrum accessible for model parameter determina-
tion. Figure 8 compares these equivalent stress—strain data with the model predictions.

Interestingly, these additional data points preserve the nearly linear relationship between
stress and log(¢€), even within the hardening region. One possible explanation for the differ-
ences observed between the different tests lies in frictional effects. To evaluate this, simula-
tions were performed with friction coefficients of 0.01 and 0.1. As shown in Fig. 9, increas-
ing the friction coefficient enhances the apparent hardening, as friction suppresses lateral
deformation and promotes barreling—an effect also observed by Morelle et al. (2017). By
comparing experimental and simulated curves, the effective friction coefficient in the post-
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Fig. 9 Comparison between experimental data and simulations for a constant strain rate of 1073 5! using
friction coefficients of 0.01 and 0.1 for (a) RTM-6 (data from Morelle et al. 2017) and (b) 736LT. Circles
represent experimental data; solid lines denote model predictions (Color figure online)

yield region is estimated to be close to 0.1, similar to the value of 0.07 reported by Chevalier
et al. in the absence of the PTFE film (Chevalier et al. 2016).

One possible cause is that the friction coefficient is rate-dependent. Although it is well
known that the friction coefficient of a steel-PTFE interface generally increases with sliding
velocity (Dolce et al. 2005; Constantinou et al. 1988), the opposite trend can occur at very
low velocities, where a stick—slip mechanism dominates (Dolce et al. 2005; Constantinou
et al. 1988; Park et al. 2017). In this regime, the interface remains in near-static contact,
and a breakaway or static friction force must be overcome before continuous sliding occurs
(Dorafshan et al. 2019; Pleskachevsky and Smurugov 1997). Park et al. reported that for
PTFE-steel contacts, stick—slip behaviour arises when the sliding velocity is below approx-
imately 8 mm/min, which applies to all strain rates investigated in this study (Park et al.
2017). Consequently, the higher apparent hardening observed in the CSR tests may partly
stem from increased friction at low velocities, which masks the intrinsic strain-rate depen-
dence of the material at large strains. In contrast, the hold-at-load tests are less affected, since
the strain rate is inferred from the time derivative of the creep strain, and the initial loading
to the target stress was performed at a fixed strain rate of 0.001 s~!. These tests, therefore,
provide complementary low-rate information essential for accurately characterising the full
viscoplastic response of the material.

4.2 Hold-at-load tests

Figure 10 presents the results of the hold-at-load tests, plotted as strain—time (a, b) and
stress—strain (c, d) curves. These results clearly illustrate the dependence of the creep be-
haviour on the overall strain level. In the pre-yield region, the elongation under constant load
remains limited, increasing progressively as the yield point is approached, where the largest
creep strains are observed. Beyond yield, the response becomes less sensitive to the applied
stress and strain level but exhibits substantially larger total creep strains than in the pre-yield
regime.

The highest creep strain rates occur for specimens loaded near the yield point, followed
by those tested in the post-yield regime. The model predictions for the strain evolution over
time show good agreement with the experiments for both resins. Minor deviations are ob-
served for the 15.8 kN load case of RTM-6 and the 12.4 kN load case of 736LT. These
discrepancies arise because, during a hold-at-load test, the model predicts that the upper
yield stress eventually drops below the applied true stress. When this occurs, the material
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Fig. 10 Results of the hold-at-load tests and model simulations for RTM-6 (a, ¢) and 736LT (b, d). Panels (a,
b) show true strain versus time, while (c, d) show true stress versus true strain. Only the start and end points
of the experimental data are indicated (Color figure online)

transitions into the softening regime, producing a sudden increase in strain. Subsequently,
as the cross-sectional area of the specimen increases, the true stress decreases, leading to
a reduction in the creep rate. This sequence—rapid strain increase followed by a gradual
deceleration—marks the transition into the post-yield creep region. The timing of this tran-
sition depends on the specific parameters fitted in the rate-dependent hardening law.

The close agreement between the hold-at-load and constant strain rate experiments con-
firms that the proposed rate-dependent hardening law (Sect. 2) successfully captures the
essential physics of the epoxy’s time-dependent deformation. In the following sections, ad-
ditional experiments not used in the calibration are compared with model predictions to
further evaluate its predictive capabilities and limitations.

4.3 Long-term hold-at-load test

Figure 11 shows the results of the overnight hold-at-load test, together with the predictions
of the proposed model and those of a classical power-law model fitted to the pre-yield data,
as described in Sect. 4.2. The creep strain initially increases slowly, followed by a period of
accelerated deformation, and finally transitions to a slower rate. The first stage corresponds
to the pre-yield region, characterised by a strong stress dependence of the creep rate. The
subsequent acceleration occurs once the material enters the softening region, after sufficient
deformation time, while the final deceleration is attributed to the increasing cross-sectional
area of the specimen as it deforms into the post-yield regime.

The proposed model reproduces both the acceleration and subsequent reduction in creep
rate with good accuracy, although it slightly overpredicts the final creep strain for both RTM-
6 and 736LT. Based on the long-term trend, it can be expected that the simulations and
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Fig. 11 Results of the long-term hold-at-load test (14.5 hours) for the proposed model, two fitted power-law
models (fitted to pre- and post-yield data), and experimental data. The applied load was 15 kN for the RTM-6
resin (adapted from Morelle 2015) (a, ¢) and 11.5 kN for the 736LT resin (b, d). The red vertical line indicates
the 2000-second limit, below which all fitting was performed (Color figure online)

experimental data would eventually converge. For the 736LT resin, the predicted time at
which the material crosses the yield point differs from the experiment, reflecting the model’s
sensitivity to the fitted parameters and the available experimental dataset. Refinement of the
calibration procedure could improve the accuracy of this pre- to post-yield transition, which
represents the most sensitive region of the model.

A clear difference between the two resins can be observed: the 736LT resin exhibits a
sharper and more pronounced increase in strain upon entering the softening regime, con-
sistent with its higher ductility and lower hardening compared to RTM-6 (see Fig. 7). In
contrast, the classical power-law model-—commonly used in the literature—fails to repro-
duce this transition. Consequently, extrapolating such power-law fits to longer timescales
leads to an underestimation of the creep response, especially near and beyond yield. Fur-
thermore, the power-law predictions are highly sensitive to the time window used for fitting,
as shown in Fig. 11: post-yield fits produce higher apparent creep rates than pre-yield fits.
In addition, power-law formulations expressed as stress—time relationships do not correctly
capture the stress evolution, as seen in Figs. 11c and 11d.

The long-term hold-at-load tests highlight that extrapolating pre-yield data using a sim-
ple power-law assumption is inappropriate for predicting the long-term creep behaviour.
Since macroscopic tensile specimens typically fail before or around the yield point, tradi-
tional tensile creep tests provide limited insight into the full time-dependent behaviour of
the resin. Nonetheless, creep behaviour is often inferred from such tests at low stress levels,
which tends to underestimate the material’s response (Lifshitz and Rotem 1970; Beyerlein
et al. 2003; Blassiau et al. 2006; Zhou et al. 2003; Kontou 2011; Ohno et al. 2002; Kawai
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Fig. 12 Strain rate jump tests with experimental data (filled circles) and model predictions (lines). The cross-
head displacement velocity was increased stepwise from 0.1 to 1, 10, and 100 mm/min for (a) the RTM-6
resin and (b) the 736LT resin (Color figure online)

1970; Costa and Barros 2015; Feng et al. 2005). In contrast, the current model explicitly
incorporates post-yield data, allowing the prediction of the material’s long-term response as
it evolves from the pre-yield through the softening into the hardening regime. Even so, any
extrapolation beyond the experimental range should be undertaken with caution, since the
precise transition from pre-yield to post-yield behaviour remains a sensitive aspect of the
model (see Fig. 11c and d).

4.4 Strain rate jump test

Figure 12 shows the results of the strain rate jump tests. During these tests, the cross-head
displacement rate was increased stepwise, resulting in a corresponding increase in the yield
stress at each higher strain rate. Experimentally, a pronounced stress overshoot is observed
immediately after each rate jump, after which the material response follows the expected
yield curve for the new strain rate. This overshoot can be attributed to the sudden need for
additional plastic deformation sites to become active upon a rapid increase in strain rate.
The immediate activation of these sites requires additional mechanical energy, leading to a
transient stress peak (Morelle 2015).

The current model does not capture these transient overshoots, as it lacks a viscoelastic
component dependent on the acceleration of deformation (as it depends only on the rate
of deformation). However, it correctly reproduces the overall increase in yield stress with
strain rate. The simulations also suggest that a small amount of friction was present during
the experiments, despite the use of PTFE films intended to minimise it.

Because the present model does not include a viscoelastic acceleration-dependent com-
ponent, it cannot reproduce the transient stress rise following a sudden change in strain rate.
This limitation implies that the model should be applied with caution when analysing scenar-
ios involving abrupt loading events. In particular, such transient stress surges are expected
to play a significant role near fibre breaks, where local strain rates can increase sharply. In-
corporating viscoelastic acceleration-dependent effects into the model would therefore be
an important direction for future work.

4.5 Cyclicloading test

Figure 13 presents the results of the cyclic compression tests on the epoxy resins. Simula-
tions were performed both with and without friction to assess its influence. The experimental
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Fig. 13 Cyclic compression tests with experimental data (filled circles) and model predictions (lines) for (a)
the RTM-6 resin and (b) the 736LT resin. The cross-head displacement rate was 1 mm/min. Simulations were
performed using friction coefficients of 0.01 and 0.1 (Color figure online)
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Fig. 14 Tensile experiments and model predictions for (a) the RTM-6 resin (adapted from Morelle et al.
2017) and (b) the 736LT resin. The specimens had a cylindrical geometry (diameter 12 mm) and were tested
under a constant cross-head displacement rate of 1 mm/min (Color figure online)

data show a distinct hysteresis upon unloading and reloading, consistent with previous ob-
servations in epoxy materials (Morelle 2015; Costa Mattos 2013; Tamrakar et al. 2016).
This non-linear unloading behaviour arises from the development of internal back stresses,
which can cause backward creep, a purely viscoplastic phenomenon (Chevalier et al. 2018).
Since the current plasticity model does not include such back stresses, it cannot reproduce
the observed hysteresis during unloading and reloading.

After reloading, the simulated stress—strain response agrees well with the experimental
data when friction is included. The post-cyclic yield curve closely matches the monotonic
constant strain rate response, showing only minor deviations. This observation is consistent
with the findings for DER 353 epoxy resin reported in the literature (Tamrakar et al. 2018),
where cyclic loading does not significantly alter the overall yield surface.

Incorporating the non-linear unloading behaviour caused by internal back stresses would
improve the predictive capability of the model, but doing so would require a more complex
constitutive formulation and additional calibration experiments.

4.6 Tensile test

Figure 14 compares the experimental and simulated stress—strain curves under uniaxial ten-
sion. The tensile specimens break before reaching the yield point, a common trend for
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Fig. 15 Tensile creep simulations for (a, ¢) the RTM-6 resin and (b, d) the 736LT resin under various tensile
loads. The cross symbols indicate the point where the true strain rate reached 0.1 s~1, which was used to
define the onset of failure. Beyond this point, the strain rate increases rapidly (Color figure online)

macroscopic epoxy resin samples loaded in tension (Morelle et al. 2017; Chevalier et al.
2016; Sui et al. 2019; Zike et al. 2016; Misumi et al. 2016). This premature failure is typi-
cally attributed to the presence of critical submicron defects or surface roughness, which act
as stress concentrators and trigger brittle fracture (Sui et al. 2019; Rojek et al. 2020; Zike
et al. 2016; Misumi et al. 2016).

The model reproduces the tensile response reasonably well, showing slight asymmetry in
the non-linear region. However, because the experimental data are limited to strains below
the yield point, no definitive conclusions can be drawn regarding the post-yield asymme-
try. Further insight could be obtained from small-scale tensile tests on epoxy specimens
combined with Digital Image Correlation (DIC) techniques, which would enable accurate
characterisation of the local strain fields and post-yield behaviour (Hobbiebrunken et al.
2007; Misumi et al. 2016; Poulain et al. 2014; Littell et al. 2008). The proposed hardening
law could then be readily extended to include tension—compression asymmetry or pressure
dependence through an appropriate yield criterion, such as the Drucker—Prager model.

4.7 Creep behaviour in tension

Figure 15 presents the simulation results obtained using the tensile specimen geometry de-
scribed in Sect. 3.7, with a constant cross-head displacement rate of 10 mm/min. The onset
of failure was identified at the point where the true strain rate reached 0.1 s~!, as beyond this
value the strain rate increases rapidly, indicating the imminent onset of catastrophic failure.

A defect-free cylindrical epoxy specimen subjected to a sustained tensile load is expected
to exhibit the three classical creep stages—primary, secondary, and tertiary (Nechad et al.
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2005; Vujosevic and Krajcinovic 1997). The simulations reproduce this behaviour: an initial
transient (primary) stage with decreasing strain rate, followed by a quasi-steady-state (sec-
ondary) region, and finally a rapid acceleration (tertiary stage) associated with local necking
and reduction of the cross-sectional area. The 12 kN and 10.1 kN load cases for RTM-6
and 736LT, respectively, clearly illustrate these three stages. The predicted time to failure
(marked by a cross symbol) depends on both the applied load and the strain accumulated
before loading.

At lower load levels, such as 1.1 kN and 5.6 kN for 736LT and 10.9 kN for RTM-6, only
the primary and secondary creep stages are observed within the simulated time window.
Nonetheless, given sufficient time, the tertiary stage would eventually be reached, leading
to specimen failure. Conversely, for higher loads (15 kN, 17.5 kN, and 26.6 kN for RTM-6,
and 13.4 kN and 23 kN for 736LT), the primary stage transitions almost immediately into
tertiary failure, consistent with the expected stress dependence of creep rupture.

Experimental validation of these tensile creep simulations is challenging, as bulk epoxy
specimens typically fail in a brittle manner before significant plastic deformation occurs
(Morelle et al. 2017; Chevalier et al. 2016; Sui et al. 2019; Zike et al. 2016; Misumi et al.
2016). Bulk and surface defects often promote early failure, limiting experimental access to
the post-yield regime. In principle, tensile creep experiments on micron-scale epoxy fibres—
where much higher strains can be achieved—would provide an ideal validation dataset, but
such data is, to the best of the authors’ knowledge, not yet available.

Nonetheless, existing tensile creep studies on macroscopic specimens at lower stress lev-
els report trends consistent with the present model predictions: even when loaded below the
macroscopic yield stress, epoxy resins gradually enter the softening regime over time (Per-
rella et al. 2019; Feng et al. 2005). This behaviour is well captured by the current model, as
illustrated for the 1.1 kN case of the 736LT resin (Fig. 15d). Moreover, Costa and Barros
(2015) showed that epoxy loaded in tension at approximately 60% of its macroscopic ten-
sile strength exhibits a linear viscoelastic—viscoplastic response and can reach creep strains
exceeding twice the nominal failure strain. These findings support the central assumption
of this work—that significant viscoplastic deformation can occur in tension, even when not
directly observable in conventional macroscopic constant strain rate tests.

In summary, the simulations capture the characteristic primary, secondary, and tertiary
creep stages under tensile loading, consistent with theoretical expectations and available
experimental evidence. However, further experimental validation under controlled tensile
creep conditions would be required to fully confirm the model’s predictive capability in this
loading regime.

5 Conclusions and outlook

The primary goal of this study was to develop a resin model capable of capturing the subtle
time-dependent response of epoxy resins, both in the pre-yield and post-yield regimes—
regions that are critical for accurately describing stress redistribution near fibre breaks. A
second objective was to design a model that can be easily implemented in continuum-scale
simulations and finite element (FE) codes. Finally, the resin characterisation procedure was
deliberately kept simple, relying on standard tests available in most mechanical laboratories.
These included compression tests on cylindrical specimens under constant strain rate and
hold-at-load creep conditions. Using three to four specimens across strain rates allowed the
determination of the yield surface shape and its rate dependence at higher strain rates, while
several short hold-at-load tests (on the order of 2000 s) near and beyond yield provided the
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rate dependence at the lower end of the strain-rate spectrum. Longer holds naturally probe
lower equivalent strain rates. Hold-at-load tests at low stress levels, such as those performed
for the 736LT resin, were found to contribute little to parameter fitting and may be omitted
in future characterisation efforts.

This work introduces a unified, rate-dependent hardening law that effectively captures
the complex, time-dependent behaviour of highly crosslinked epoxies and other glassy poly-
mers over a wide range of loading conditions. Calibrated using both constant strain rate and
hold-at-load data for RTM-6 (from literature Morelle 2015) and for 736LT epoxies (new ex-
periments), the model demonstrates robust predictive capability across multiple scenarios,
including long-term creep, stress relaxation, cyclic loading, and abrupt strain-rate jumps.
Implemented in the FE code Abaqus through a user-defined Fortran subroutine, the model
provides a practical, computationally efficient framework for simulating resin viscoplastic-
ity in fibre-reinforced composites.

Some limitations remain. The current model does not include viscoelasticity or back
stresses, and should therefore be used with care in cases involving unloading, strain rever-
sal, or abrupt transients. These “transitional” effects—observed, for example, during sudden
strain-rate changes—are not fully captured. However, the overall yield curve is well repro-
duced once steady conditions are reached (Fig. 12). Under smooth loading, such as slow
cyclic deformation, the model accurately reproduces the experimental response (Fig. 13).
Consequently, it is well suited for modelling creep and relaxation phenomena around fibre
breaks, but less appropriate for situations involving significant kinematic hardening or com-
plex load reversals. Likewise, tensile and shear loading should be interpreted cautiously, as
the asymmetry of the yield locus remains uncertain due to the limited availability of tensile
data at large strains. For both RTM-6 and 736LT, this asymmetry appears modest in the
pre-yield region (Morelle et al. 2017). Future studies could extend the model to asymmetric
yielding by incorporating additional tensile and torsional data from small-scale specimens
that avoid premature failure (Hobbiebrunken et al. 2007; Misumi et al. 2016; Littell et al.
2008). Another challenge is the absence of an explicit failure criterion, which ideally should
include a volume-dependent term (Littell et al. 2008; Misumi et al. 2016; Zike et al. 2016).

Comparison between the two resins reveals that RTM-6 exhibits a slightly higher yield
strength (140 MPa at € = 10~ s71) than 736LT (122 MPa at the same rate), but the lat-
ter shows greater ductility, with a true strain at failure of approximately 0.8 versus 0.6 for
RTM-6. The RTM-6 resin also displays somewhat stronger hardening. Although both resins
exhibit similar time-dependent behaviour, the 736LT resin shows a more pronounced “sud-
den” creep acceleration when crossing the yield point, followed by a plateau in the post-yield
regime. This behaviour could be beneficial for stress redistribution in composites: under sus-
tained loading, existing fibre breaks could relax local stresses over time, potentially delaying
the formation of critical fibre clusters upon reloading.

Further exploration of the temperature dependence of the hardening law would allow the
use of time—temperature superposition to extend predictions to longer timescales (Nakada
and Miyano 2013; Tamrakar et al. 2019; Tsugiyuki et al. 2013; Barbero 2011; Papanicolaou
and Zaoutsos 2011). The framework could also be adapted for other matrix materials such
as amorphous thermoplastics, where the relative contributions to the hardening law would
differ owing to the absence of chemical crosslinks. As many key mechanical properties of
epoxies scale with the glass transition temperature (7,) (Klavzer et al. 2025), future work
could establish correlations between model coefficients and T, enabling fast generalisation
of parameters with minimal experimental effort.

Overall, the proposed rate-dependent hardening law offers a simple yet powerful tool for
efficient finite element simulations of time-dependent epoxy behaviour. Its computational

@ Springer



12 Page 20 of 24 Mechanics of Time-Dependent Materials (2026) 30:12

robustness makes it well suited for multi-scale analyses and applications such as fibre-break
models (Swolfs et al. 2015), ultimately contributing to improved lifetime prediction of uni-
directional composite structures, including pressure vessels and wind turbine blades, where
matrix viscoplasticity plays a decisive role.
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