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Kinetic Viscoelasticity of Crosslinking
Epoxy Asphalt

Panos Apostolidis1, Xueyan Liu1, Martin van de Ven1,
Sandra Erkens1, and Tom Scarpas1,2

Abstract
Epoxy modification of asphalt binders has been recognized as a very effective technology to alter the chemistry of asphaltic
materials in such a way that long-lasting pavement structures can be designed. However, the phenomena that are involved to
build up the physico-mechanical properties of epoxy asphalt systems are still unknown. The focus of this paper is on under-
standing the link between chemistry and the mechanical properties of epoxy asphalt binders during the thermo-irreversible
process of chemical hardening. For this purpose, a constitutive model for predicting the evolution of cure-induced stresses in
epoxy asphalt binders is proposed, and an experimental program was developed to determine the model parameters. The
cure dependency of physico-mechanical parameters of modified binder was obtained and imported into the model to simu-
late the build-up of material properties during (non-)isothermal hardening of epoxy asphalt binder. The model is implemented
in a commercially finite element tool by coupling the chemical, thermal, and mechanical phenomena with multi-physics strate-
gies, and the results are analyzed to identify the influence of different heating conditions on the crosslinking density and sub-
sequently on stress build-up. It was found that the amount of stress build-up during curing was strongly dependent on the
heating conditions, and a higher rate of stress build-up was observed at higher applied temperatures. In other words, the pro-
cessing conditions during in-plant material production or in-field manufacturing of structures made by epoxy asphalt systems
affect the material hardening and subsequently the desired functionalities of pavement structures.

The interest in developing more durable and long-lasting
pavement materials has been driven mainly by the
increasing heavy traffic and environmental loads in pave-
ment structures all over the world. Modification of
asphalt binders with epoxy resins has been recognized as
one of the most promising technologies to address the
above-mentioned issues and to produce materials with
enhanced performance. The benefits of epoxy modifica-
tion have been reported (1, 2) and the influence of chemi-
cal hardening (curing) on material performance has been
elucidated in earlier research (3). However, as the chem-
istry of epoxy asphalt binder hardening is very complex,
it is of great importance to understand the chemical
hardening phenomena and to link them with the evolu-
tion of physico-mechanical properties in epoxy asphalt
systems. For this reason, the focus of this research is on
developing a new model capable of predicting material
behavior under various hardening conditions. The rela-
tionships between chemical, thermal, and mechanical
parameters crucial for the processing (i.e., in-plant pro-
duction, in-field construction, the early life of structure,
etc.) of epoxy asphalt systems were determined through
conducting experiments, which were used as input for

the proposed framework. The background of the pro-
posed model is given in the following section.

Background

Asphalt binder contains various molecular structures
classified based on their differences in polarity into the
fractions of asphaltenes and maltenes, as separated via
n-heptane. Asphaltenes consist of planar and heteroatom
polar groups, and the maltenes are sub-divided in satu-
rates, aromatics, and resins groups, forming the medium
in which the asphaltenes are dissolved. The epoxy modi-
fiers are monomers or short-chain copolymers having an
epoxide group at either end, and they are polymerized
with the assistance of hardening agents, otherwise called
hardeners. In epoxy asphalt binder systems, a rigid
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three-dimensional network of polymeric chains is formed
when the epoxy modifier reacts chemically with a set of
hardeners of more than two reactive functional groups
into the continuous asphaltic matrix. This phenomenon
is called polymerization and it starts with the formation,
branching and, finally, the crosslinking of epoxy poly-
meric chains. As the irreversible polymerization pro-
ceeds, the molecular weight increases in the crosslinking/
reacting epoxy asphalt system, and an infinite molecular
weight is reached when all the chains are linked together
into a network (3). The development of the infinite mole-
cular weight is called material gelation and represents the
kinetically controlled material transition from viscous
liquid to viscoelastic gel state.

The polymerization reactions are dependent on exter-
nally applied energy, and these reactions generate inter-
nal heat, making this process exothermic, in contrast
with negative reaction enthalpy. Prior to gelation, the
epoxy molecules are soluble in appropriate solvents, as a
properly pre-treated asphalt binder, and the epoxy modi-
fier is in liquid state. The network formation of polymeric
chains or macromolecules is initiated by applying exter-
nal energy to the system in the form of temperature and/
or pressure. In Figure 1, the schematic of conversion–
temperature transformation is given to describe all the
above-mentioned transformations as a function of cure
temperature and conversion.

Once the gel point is reached (Figure 1), polymeric
monomers or pre-polymers have interacted together,
branched molecules have been created, and an initial
macromolecular network has been formed into the
asphalt binder. However, this transition is not the only
course of polymerization of epoxy asphalt binders.
Vitrification and thermal degradation are two important
phenomena that may also take place during polymeriza-
tion. Particularly, vitrification is the second major
polymerization-induced transformation, which happens
only when the glass transition temperature (Tg)
approaches the cure temperature (Figure 1). This phe-
nomenon is a diffusion-controlled transition leading to a
slow material transformation from viscous liquid or vis-
coelastic gel to solid state. Moreover, the thermal degra-
dation or physical hardening in thermosets appears when
the material vitrifies, showing an endothermic aging peak
in the vicinity of Tg. The rate of physical hardening hap-
pens when the applied temperature is below Tg and
increases when the temperature remains below but close
to Tg.

During the polymerization of epoxy asphalt systems,
the mechanical properties of the material vary remark-
ably as a function of the temperature and the conversion.
For the pure epoxy modifiers, it has been observed phe-
nomenologically that the viscosity changes continuously
as the conversion increases before gelation, and the equi-
librium modulus grows continuously at the post-gelation
regime. Also, because the relaxation modes are related to
the material micro-structure, the relaxation modes of the
material change during the crosslinking process into the
macromolecular network. During the creation of larger
structures, the material gradually transforms from a vis-
cous liquid to a viscoelastic solid, the molecular weight
tends to infinite, the long relaxation times are dominant,
and, as mentioned before, this is the gelation moment.
At this moment, the relaxation of the material is coupled
over a range of time scales leading to a frequency-
independent relaxation spectrum and the material cannot
longer relax the stresses upon strain. The relaxation time
of cooperative motions of entire macromolecules rises,
and subsequently these motions become too slow during
the fully chemical hardening of the material.

The development of viscoelastic properties during the
polymerization of epoxy resins has been explored focus-
ing on linking the crosslinking material characteristics
with the principle viscoelastic theories. Molecular weight
and weight distribution, and the degree of chain branch-
ing related to mechanical properties has been investigated
(4–8). The parameters that determine the kinetics of reac-
tions, such as the activation energies and the reaction
rates, before and after gelation of a crosslinking material,
the relative network rigidity, and the Tg of polymers have
been studied for pure epoxy (9) and epoxy asphalt

Figure 1. Typical schematic of the conversion–temperature
transformation during crosslinking.
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systems (3). The viscoelastic properties and the mobility
of epoxy molecules during the chemical (i.e., gelation)
and physical (i.e., degradation) hardening can be pre-
dicted when kinetic parameters and relaxation times of
crosslinking material are known (10).

The principle of time–conversion superposition is
developed based on the connectivity change during the
polymerization from a loosely crosslinked material of
low crosslinking density to that of a material of higher
crosslinking density. The time–conversion superposition
principle offers the advantage of describing the develop-
ment of viscoelastic properties at discrete times near the
gel point (or gelation in Figure 1) during the reactions. A
characteristic example of the time–conversion superposi-
tion is deployed by shifting the loosely crosslinking mate-
rial horizontally to longer time lengths because of the
presence of longer relaxation times associated with the
higher molecular weights between the crosslink points
(11). In a similar model developed to reduce the creep
compliance at different crosslinking densities, the time–
conversion superposition was applied considering the
change in the glassy compliance using Tg as the reference
temperature (12). Horizontal and vertical shift factors are
applied to superpose the viscoelastic properties at crucial
regimes and, particularly, the increase in the equilibrium
modulus and changes in the longest relaxation times,
respectively (13). The time–conversion superposition can
also be applied to reduce stress-relaxation data obtained
during physical hardening of epoxy resins having differ-
ent molecular weights. Apart from superposing the
mechanical response to different crosslinking densities,
the impact of crosslinking density on the temperature-
dependent shift factors is also investigated to predict the
material performance during polymerization.

Several studies have been conducted to examine the
evolution of relaxation modulus and stress-relaxation
time of epoxy resins under various thermal conditions
(14–21). In these studies, only the post-gelation state was
investigated during the polymerization process. Models
were developed to describe the near gel point viscoelastic
response of crosslinking epoxies by stopping the reac-
tions at different crosslinking degrees (22, 23). The evolu-
tion of the viscoelastic properties in a thermoset above
and below the gel point has also been studied (12).

Motivation and Objective

Although the evolution of the viscoelastic response dur-
ing the reaction of epoxy resins has been described exten-
sively in the past, no information is available on the
evolution of response of epoxy asphalt binders during
the material processing. This is mainly because of the dif-
ficulties concerning the chemico-mechanical characteri-
zation of these materials during their chemical hardening

(i.e., polymerization) and the material transition from
the gel to the solid state. For this reason, a methodology
is proposed to predict the evolution of viscoelastic prop-
erties during hardening of epoxy asphalts combining the
principles of time–temperature and time–conversion
superposition. This method can help to optimize the pro-
cessing of epoxy-modified asphaltic materials for various
applications in the paving industry, and to tailor the
most influential material parameters for paving systems
with increased durability and longevity.

Kinetic Viscoelasticity Model

A time–temperature–conversion superposition model
that correlates in detail the evolution of the modulus and
the build-up of internal stresses during polymerization of
epoxy asphalt systems is proposed. After implementation
of some adjustments considering the nature of epoxy
asphalt binders and the results of experiments, the impact
of conversion and temperature on the development of
internal stresses during polymerization is determined by
applying the principles of time–conversion and time–
temperature superposition. After the material gelation,
internal stresses and additional relaxation mechanisms
are introduced to account for the development of a pro-
minent rubbery plateau. It is assumed that no internal
stresses developed at the pre-gelation regime.

The determination of reaction kinetics of epoxy
asphalt is crucial to develop a prediction scheme for
mechanical properties, because the evolution of the vis-
coelastic response depends on the conversion. The
kinetics are defined in isothermal conditions by two dis-
tinct regimes: (i) the autocatalytic model in the pre-
gelation regime (24), and (ii) the nth-order model in the
post-gelation regime (25). After the rubbery state and
beyond the material gelation, the molecular mobility is
decreased. Assuming that, in the nth-order model no
diffusion-controlled factors need to be applied, the reac-
tion rate is defined as

�x
�t

= K 1 � xð Þn ð1Þ

K = K0exp �
E0

RT

� �
ð2Þ

where x is the degree of conversion or polymerization, n
is the reaction order which indicates the number of mole-
cules or reactive groups whose concentrations determine
the reaction rate, K0 is the pre-exponential factor for
chemical kinetics, E0 is the activation energy, R is the
universal gas constant, and T is the temperature. The
governing equations of the transient heat conduction
within the epoxy asphalt are presented in an earlier pub-
lication by the author (3).

Apostolidis et al 3



The generalized multimode Maxwell model, with each
relaxation mode i characterized by a stiffness (Gi), and a
relaxation time constant (ti), is used to calculate the
material modulus as a function of temperature and con-
version using the principles of time–temperature and
time–conversion superposition. The model consists of a
spring and i Maxwell elements connected in parallel and
the modulus is given by

G t, T , xð Þ = G� +
Xn

i = 1
Giexp �

t
aT , xti

� �
ð3Þ

The temperature shift factor (aT) is utilized to
account for the temperature dependence of each relaxa-
tion time ti

aT jxref
=

ti Tð Þ
ti Trefð Þ

����
xref

ð4Þ

Based on the assumption that the material is thermo-
rheologically simple, all relaxation times are shifted in
the same way.

Similarly, a conversion shift factor (ax) accounts for
the conversion dependence of the relaxation time

axjTref
=

ti xð Þ
ti xrefð Þ

����
Tref

ð5Þ

As the generalized Vogel equation can describe
both William-Landel-Ferry and Arrhenius behavior (26),
this equation is used for the temperature shift factor
when T‘N = 0 K

log aT jxref

� �
= log

ti Tð Þ
ti Trefð Þ

=
C

T � T�
�

C
Tref � T�

ð6Þ

where C and TN are constants. The time–temperature
superposition principle is based on the hypothesis that
the material viscoelastic response at short and long times
is analogous to the response at low and high tempera-
tures, respectively. The general validity of this concept is
assisted by reducing the data of stress relaxation to form
master curves by utilizing the shift factors.

Here, the conversion shift factor has a similar form
independent of conversion if the reference temperature is
taken as Tg

log axjTref

� �
= log

ti Tg xð Þ
� �

ti Tg xrefð Þ
� �

=
C

Tg xð Þ � T�
�

C
Tg xrefð Þ � T�

ð7Þ

where Tg(x) emphasizes that Tg is a function of conver-
sion and Tg(xref) is Tg at the reference conversion.

Combining Equations 6 and 7 gives the shift factor as
a function of both temperature and conversion or Tg

log aT , xð Þ = log
ti T , Tg xð Þ

� �

ti Tref, Tg xrefð Þ
� � =

C
T � T�

�
C

Tref � T�

� �

�
C

Tg xð Þ � T�
�

C
Tg xrefð Þ � T�

� �

ð8Þ

where Tref is the reference temperature for the viscoe-
lastic master-curve of the fully cured material and
Tg(xref) is the glass temperature of the material at the
reference conversion (xref). Nevertheless, if xref is con-
sidered to be 1.0 and Tref=Tg(xref), then Equation 8
can be defined as

log aT , xð Þ = log
ti T , Tg xð Þ

� �

ti Tref, Tg xrefð Þ
� � =

C
T � T�

�
C

Tg xð Þ � T�

ð9Þ

The above-given shift factor is only valid the
post-gelation regime. In this context, the conversion–
temperature–time superposition offers the hardening-
dependent shift factors for the entire conversion range
and thus addresses the hardening-dependent response
development as well.

In addition, to describe the shift factor in terms of
conversion and temperature rather than in terms of Tg

and temperature, it is required to correlate Tg to conver-
sion. For many thermosets, there is an empirical rela-
tionship between Tg and conversion (27). However, to
investigate the performance of an epoxy asphalt system,
a modified version of this equation is given as

Tg � Tgo

Tg� � Tgo
=

lx
1 � 1 � lð Þx

ð10Þ

where Tgo is the Tg of the monomer, TgN is the Tg of the
fully cured material and l is a material constant.

The equilibrium shear modulus G� in epoxy bitumen
blends is defined as function of the degree of conversions

G� x, Tð Þ = Gf
�

x2 � x2
gel

1 � x2
gel

" #z

ð11Þ

where Gf
� is the equilibrium shear modulus of the fully

cured material. The temperature-independent exponent
factor z is constant 8/3 and determines the shape of the
evolution of equilibrium modulus.

The internal stress in the linear viscoelastic and hard-
ening material is expressed by the constitutive relation as
given in the Equation 12

si tð Þ =

ðt

��

Cij x, t � jð Þ
dej jð Þ

dj
dj ð12Þ
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where x is the conversion degree of the material at the
time of the application of the step strain, j, and t denotes
the time of the relaxation test which is from a very short
time (!0) to any time required till the end of hardening.
Moreover, the components of the hardening-dependent
relaxation function tensor, Cij, assuming an isotropic
material, are combinations of hardening-dependent
relaxation bulk and elastic moduli. The relaxation modu-
lus which is obtained in such a relaxation test is denoted
by E(x(j),t); or briefly E(x,t), and the bulk modulus are
given in Equation 13 and 14 (28).

E t, T , xð Þ = 2 1 + vð ÞG t, T , xð Þ ð13Þ

K t, T , xð Þ =
2 1 + vð ÞG t, T , xð Þ

3 1 � 2vð Þ
ð14Þ

Determination of Parameters

For the determination of model parameters, the influ-
ence of conversion on glass transition temperature (Tg)
and equilibrium modulus (EN) was evaluated and the
relationships obtained were used as input in the kinetic
viscoelasticity model. Particularly, Tg which is the tem-
perature of the slow transition from a metastable glassy
state into another state, such as liquid or rubbery state,
is affected by several factors. Tg is influenced by material
factors, such as the polymeric structure, crystallinity, and
the molecular weight of the polymeric material, and
processing factors, such as thermal history. In polymer-
related industrial applications, the properties of poly-
mers, such as density, specific heat, stiffness, or strength,
can be determined at this transition temperature which
increases with extent of cure/polymerization. In this
research, two test methods, namely modulated differen-
tial scanning calorimetry (MDSC) and dynamic shear
rheometry (DSR), were used to determine the relevant
material parameters needed as input for the computa-
tional analyses.

Materials

For this research, an epoxy modifier was used consisting
of two parts: part A is the epoxy resin formed from epi-
chlorhydrin and bisphenol-A, and part B consists of a
fatty acid hardener in 70 penetration grade asphalt bin-
der; 70/100 penetration grade neat asphalt binder was
selected to dilute the epoxy modifier. According to the
supplier, parts A and B are mixed together at weight
ratio of 20:80 and the epoxy modifier was produced.
Before mixing, part A and B were placed in ovens for 1 h
at 85�C and 110�C, respectively. After that, the epoxy
modifier was diluted with the already preheated neat bin-
der in a weight ratio of 50:50. After the preparation, the

samples were placed in a refrigerator at 210�C to pre-
vent further reactions.

Reaction Kinetics

MDSC was used to determine the enthalpy-related tran-
sition for the uncured and the fully cured modified mate-
rial, and the transition through the chemical hardening
process. After the formulation of samples, they were
sealed in aluminum crucibles, and the hardening beha-
vior was assessed by both isothermal and non-isothermal
tests. The calibration of the enthalpy was conducted by
using an indium standard. In the non-isothermal tests,
the behavior of the materials was evaluated from 250 to
200�C at a heating rate of 10, 20 and 40�C/min in an
inert nitrogen environment. Figure 2 depicts the thermo-
grams and the conversion rates versus conversion degree
and the conversion degree versus temperature.

The conversion data are derived from the measured
heating rates by dividing the heating rates by the total

Figure 2. Non-isothermal MDSC curves of epoxy asphalt binder
at different heating rates: (a) heat flow versus temperature and
(b) derivative of heat flow versus conversion.
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heat of reaction. In particular, the total area under the
thermogram, based on the extrapolated base line at the
end of reaction, was used to calculate the total heat of
reaction (DHr). If the cure reaction is the only thermal
event, then the reaction rate is proportional to the rate
of heat generation

dx
dt

=
1

DH
dH tð Þ

dt
ð15Þ

where DH=(DHr). The degree of conversion is given by

x tð Þ =
DH tð Þ
DH

ð16Þ

where DH(t) is the partial area under a MDSC trace up
to time t.

The isothermal tests were conducted at 120, 130, and
140�C for 3 h to derive the reaction kinetics and the con-
version over time. Plots of derivative of reaction (i.e.,
reaction rate) versus conversion (i.e., crosslinking den-
sity) at different temperatures are shown in Figure 3,
where the reaction rate of the crosslinking system reached
its maximum at t = 0. Normally, the reaction rate at any
temperature is observed to increase with time and passes
through a maximum, and the peak of reaction rate
becomes higher and shifts to lesser times with increase of
isothermal temperature. However, in epoxy asphalt sys-
tems, the reaction rates achieved a maximum with initial
values between 3.5 and 4.0 (s–1), and as the time passes
and the conversion increases, the rate lowers. It can be
seen that the initial rate had its maximum value at the
uncured state of the system (i.e., conversion equals to
0.0) with a slightly higher initial rate when higher tem-
peratures were applied to the system.

A generalized expression (24) is used to describe the
crosslinking system from the uncured state as given in
Equation 17

dx
dt

= K � xmð Þ � 1 � xð Þn ð17Þ

where the exponents m and n are temperature-
independent exponents.

At the start of the reaction, Equation 17 can be simpli-
fied to

dx
dt

	

t = 0
� K ð18Þ:

The values of K can be obtained from isothermal reac-
tion rate curves, and here were of high values at the
beginning of reaction. In other words and after the mate-
rial gelation, the nth-order kinetics has been employed
and the reaction rate was described by Equation 1.

Relationship between Conversion, Glass Transition
Temperature, and Equivalent Modulus

In general, the presence of an epoxy modifier in the
asphalt binder will cause an increase in Tg. Tg increases
over time during polymerization at 130�C (Figure 4),
indicating the polymeric network generation into the
asphaltic matrix, and maybe also because of the polar
interaction between the epoxy and the asphaltenes in the
bitumen as a result of their ability to create molecular
associations. Because of the chemical hardening, Tg–
conversion and equivalent modulus relationships are
needed. In particular, the data obtained from the MDSC

Figure 3. Isothermal MDSC curves of epoxy asphalt binder at
120, 130, and 140�C, derivative of conversion versus conversion
at different temperatures.

Figure 4. Relationship between glass transition temperature and
equilibrium modulus, and time.
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tests can provide the relationship between Tg and conver-
sion fitted to Equation 10. MDSC thermographs values
of Tg0, TgN, and l of studied materials were 223.35�C,
8.65�C, and 0.45.

In addition, during isothermal chemical hardening the
dynamic mechanical properties were measured with a
DSR. Measurements were performed using a parallel
plate testing configuration at 10 Hz. The diameter of the
top plates was 25 mm, and the thickness of the samples
was 1 mm. The samples were placed at room temperature
and then heated isothermally to the desired hardening
temperature (130�C for 3 h) in DSR. Based on the the-
ory, the modulus increase is dominant after the gel point
(x ł xgel) comparing the viscosity increase before gelation
(x\ xgel). The increase of GN is also shown in Figure 4.
In Equation 11, the evolution of GN is described as func-
tion of conversion, a phenomenon which coincides with
the current observation as the conversion increases over
time under isothermal heating. The data were obtained
as a function of time and converted to conversion for
modeling purposes.

Mechanical Response of Fully Hardened Material

To obtain the viscoelastic behavior of the fully hardened
material, it was kept at 130�C for 3 h in the oven. After
the full conversion, the temperature was reduced to 20�C
and the material kept at that temperature for 2 h. DSR
tests were done on the material at a temperature range of
20–130�C and the complex modulus was obtained. For
each studied temperature, frequency sweep tests were
performed from 0.01 to 10 Hz in the linear viscoelastic
domain. The frequency-dependent modulus of fully har-
dened material was determined using two replicas and
the master-curve formed by time–temperature superposi-
tion at a reference temperature of 130�C, shown in
Figure 5. Afterward, the mechanical parameters of the
linear viscoelastic material were incorporated into the
model using the Prony series method. Seven-coefficient
series (Figure 5) of the same values of Ei and ri coeffi-
cients was used, giving excellent fit to the data.

Model Implementation

As mentioned in a previous study (3), the continuous
monitoring of reacting epoxy asphalt systems is of signif-
icant importance to understand what happens during
and after the manufacturing process of epoxy-modified
asphalt mixes. According to past experience, the epoxy
asphalt mix needs a mixing temperature of 110–120�C
and a time available of 57–94 min for transport from the
production plant to field (1, 2). However, the in-field
operations are highly dependent on incorporated chemis-
try of the epoxy modifier. In this research, a model has
been developed that makes it possible to simulate the

chemo- and physico-mechanical characteristics of react-
ing epoxy asphalt binders under various processing sce-
narios. This model describes the reaction performance
before and after pavement construction; in other words,
after the material gelation in which the epoxy asphalt
binder is no longer purely viscous and the viscoelastic
behavior is more dominant.

To demonstrate the quantitative applicability of the
developed computation framework, a three-dimensional
finite element mesh of 5136 hexahedral and 1336 quadri-
lateral elements was created representing an epoxy
asphalt binder (Figure 6a). All material parameters are
imported in the model, which was implemented in
COMSOL Multiphysics. The parameters were obtained
from the previously described experiments. Poisson’s
ratio (0.3), density (1600 kg/m3), heat capacity (920 J/
kg�K), thermal conductivity (0.45 W/m�K), and the
exothermic reaction heat (300 kJ/kg) were assumed to be
constant (3). In all analysis scenarios, the material is in a
stress-free state at 20�C, at the start of the simulations
and before the hardening initiation. A uniform and uni-
axial prescribed 1E-6 m displacement (relaxation test)

Figure 5. The viscoelastic characteristics of fully hardened epoxy
asphalt binder: (a) measured complex modulus versus reduced
frequency curve at reference temperature of 130�C, (b)
generalized Maxwell model, and (c) the Prony coefficients of the
fully hardened material.
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and thermal field, which varies, were imposed at the top
boundary of the analyzed geometry. The model predic-
tions of various heating conditions (80, 100, 120, 140�C)
for 180 min are demonstrated at a point located at the
top of geometry. The temperature (left) and the displace-
ment of geometry (right) at the end of chemical harden-
ing are shown in Figure 6b.

The predicted conversion versus time is shown
in Figure 7b after applying various temperatures
(Figure 7a). Higher conversions of the material were
reached after 180 min of isothermal heat at the higher
temperatures. Also, the results of the analyses demon-
strate a slowdown of reaction at lower temperatures. In
other words, the calculated conversions depict the impor-
tant role of temperature on the hardening of the system
after gelation, even for lower rates as at the beginning of
material polymerization and before the gel point. The
material is not fully hardened at the temperature range
between 80 and 120�C, but it is possibly completely

hardened when temperatures above 140�C are imposed.
A similar observation has been seen in previous research
(3) in which the viscosity evolution was studied focusing
mainly of the chemical and physical parameters that
affect the polymeric network formation.

It is important to mention that based on the experi-
mental results of the current study, the trend of the mod-
ulus evolution after the material gelation is different
than the trend of the viscosity at the viscous dominant
phase of the epoxy asphalt polymerization. The stress
development resulting from the imposed temperatures
has been examined, and the predicted stress versus time
at the top of the geometry is shown in Figure 8. In gen-
eral, variations in the amount of stress between the dif-
ferent conditions are observed. Some observations can
be made regarding the stress levels reached after curing.
An example is that the amount of stress build-up during
chemical hardening is higher for the epoxy asphalt bin-
der when higher temperatures (above Tg) were imposed,

Figure 6. Finite element geometry of cylindrical element: (a) the mesh, (b) the temperature field (left) and displacement (right) of
geometry at the first 180 s of analysis.
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with the crosslinks formation accelerated after gelation.
It has also been seen in previous studies that the level of
stress build-up in crosslinked systems increases at a tem-
perature below Tg (16, 18).

The above results indicate clearly that the temperature
and thus the generated crosslinks into the asphaltic
matrix have a large influence on the mechanical proper-
ties. In particular, a step and constant displacement has
been applied to the crosslinking material to express the
modulus of the material without any shrinkage effect
from a mechanistic point of view. From the molecular
viewpoint of the crosslinking material, the step strain
causes a sudden deformation in the existing crosslinks,
contributing to stresses development. However, new
crosslinks are generated as the chemical reactions pro-
ceed and fit in the current deformed shape of material.
As the material approaches the end of polymerization,
the amount of newly developed crosslinks reduces and

thus material does not undergo any further strain and
consequently stress. The stress-relaxation of the material
is no longer influenced and all the crosslinks and
(inter-)molecular associations are fully formed, having a
rubbery epoxy asphalt system of irreversible polymeric
three-dimensional structure.

Conclusions

This paper discusses the viscoelastic response of an epoxy
asphalt binder during its polymerization. For the purposes
of this research, a prediction framework was developed,
and analyses were done to validate the onset of mechanical
behavior of epoxy asphalt binder. The amount of stress
build-up during isothermal hardening will vary between
different crosslinking materials. Results indicated a strong
action of imposed thermal fields on the evolution of stres-
ses, and highlighted the great influence of crosslinks in
material viscoelasticity. The higher the crosslink density,
the higher was the stress build-up, as shown. The stress
build-up during curing of thermoset materials above the
glass transition temperature can be modeled combining
the principles of time–temperature and time–conversion
superposition. Overall, the model quantitatively captured
the evolution of the viscoelastic response of epoxy asphalt
binders, and the results demonstrated that the model pro-
vides a powerful tool for predicting the modulus evolution
of these crosslinking paving materials. However, the main
advantage of current framework is not only to predict the

Figure 7. The calculated evolution of temperature and
crosslinking degree in the epoxy asphalt binder at various imposed
temperatures for 180 min.

Figure 8. The calculated transient of the maximum principal
stress at the top of studied geometry by employing the model with
conversion- and temperature-dependent relaxation spectrum.
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material performance under various processing conditions,
but also to unravel the reasons of hardening phenomena
before and after the construction of pavement structures
using thermoset modifiers.

Author Contributions

The authors confirm contribution to the paper as follows: study
conception and design: P. Apostolidis, A. Scarpas; data collec-
tion: P. Apostolidis; analysis and interpretation of results: P.
Apostolidis, X. Liu, M.F.C. van de Ven, S. Erkens, A. Scarpas;
draft manuscript preparation: P. Apostolidis. All authors
reviewed the results and approved the final version of the

manuscript.

References

1. Herrington, P., and D. Alabaster. Epoxy Modified Open-

graded Porous Asphalt. Road Materials and Pavement

Design, Vol. 9, No. 3, 2008, pp. 481–498.
2. International Transport Forum. Long-life Surfacings for

Roads: Field Test Results. ITF Research Reports, OECD,

Paris, France, 2017.

3. Apostolidis, P., X. Liu, C. Kasbergen, M. F. C. van de

Ven, G. Pipintakos, and A. Scarpas. Chemo-rheological

Study of Hardening of Epoxy Modified Bituminous Bin-

ders with the Finite Element Method. In Transportation

Research Record: Journal of the Transportation Research

Board, 2446-18, TRB, National Research Council,

Washington, D.C., 2018.
4. Cuthrell, R. E. Epoxy Polymers. III. Factors Affecting the

Cure. Journal of Applied Polymer Science, Vol. 12, 1968,

pp. 955–967.
5. Mussatti, F. G., and C. W. Macosko. Rheology of Net-

work Forming Systems. Polymer Engineering and Science,

Vol. 13, No. 3, 1973, pp. 236–240.
6. Mijovic, J., and C. H. Lee. A Comparison of Chemorheo-

logical Models for Thermoset Cure. Journal of Applied

Polymer Science, Vol. 38, 1989, pp. 2155–2170.
7. Bidstrup, S. A., and C.W. Macosko. Chemorheology Rela-

tions for Epoxy-amine Crosslinking. Journal of Polymer Sci-

ence Part B: Polymer Physics, Vol. 28, 1990, pp. 691–709.
8. Gupta, A. M., and C. W. Macosko. Modeling Strategy for

Systems with both Stepwise and Chainwise Chemistry:

Amine-epoxy Networks with Esterification. Journal of

Polymer Science Part B: Polymer Physics, Vol. 28, 1990,

pp. 2585–2606.
9. Babayevsky, P. G., and J. K. Gillham. Epoxy Thermoset-

ting Systems: Dynamic Mechanical Analysis of the Reac-

tions of Aromatic Diamines with the Diglycidyl Ether of

Bisphenol A. Journal of Applied Polymer Science, Vol. 17,

1973, pp. 2067–2088.
10. Matsuoka, S., X. Quan, H. E. Bair, and D. J. Boyle. A

Model for the Curing Reaction of Epoxy Resins. Macro-

molecules, Vol. 22, No. 10, 1989, pp. 4093–4098.
11. Plazek, D. L. Effect of Crosslink Density on the Creep Beha-

vior of Natural Rubber Vulcanizates. Journal of Polymer Sci-

ence Part A-2 Polymer Physics, 4, No. 5, 1966, pp. 74–763.

12. Plazek, D. J., and I. C. Chay. The Evolution of the Viscoe-
lastic Retardation Spectrum during the Development of an

Epoxy Resin Network. Journal of Polymer Science Part B:

Polymer Physics Vol. 29, 1991, pp. 17–29.
13. Adolf, D., and J. E. Martin. Time-cure Superposition dur-

ing Cross-linking. Macromolecules, Vol. 23, 1990,

pp. 3700–3704.
14. Bogetti, T. A., and J. W. Gillespie. Process-induced Stress

and Deformation in Thick-section Thermoset Composite

Laminates. Journal of Composite Materials, Vol. 26, No. 5,

1992, pp. 626–660.
15. Kim, Y. K. Process-induced Viscoelastic Residual Stress

Analysis of Graphite-epoxy Composite Structures. PhD the-

sis. University of Illinois at Urbana-Champaign, 1995.
16. Lang, J., S. Toll, J. A. E. Manson, and A. Hult. Residual

Stress Build-up in Thermoset Films Cured below their Ulti-

mate Glass Transition Temperature. Polymer, Vol. 38, No.

4, 1997, pp. 809–815.
17. Adolf, D., and R. Chambers. Verification of the Capability

for Quantitative Stress Prediction during Epoxy Cure.

Polymer, Vol. 38, No. 21, 1997, pp. 5481–5490.
18. Adolf, D., J. E. Martin, R. S. Chambers, S. N. Burchett,

and T. R. Guess. Stresses during Thermoset Cure. Journal

of Materials Research, Vol. 13, No. 3, 1998, pp. 530–550.
19. Simon, S. L., G. B. McKenna, and O. Sindt. Modeling the

Evolution of the Dynamic Mechanical Properties of a
Commercial Epoxy during Cure after Gelation. Journal of

Applied Polymer Science, Vol. 76, 2000, pp. 495–508.
20. O’Brien, D. J., P. T. Mather, and S. R. White. Viscoelastic

Properties of an Epoxy Resin during Cure. Journal of Com-

posite Materials, Vol. 35, No. 10, 2001, pp. 883–904.
21. Suzuki, K., Y. Miyano, and T. Kunio. Change of Viscoe-

lastic Properties of Epoxy Resin in the Curing Process.
Journal of Applied Polymer Science, Vol. 21, 1977,

pp. 3367–3379.
22. Winter, H. H., and F. Chambon. Analysis of Linear Vis-

coelasticity of a Crosslinking Polymer at the Gel Point.
Journal of Rheology, Vol. 30, 1986, pp. 367–382.

23. Adolf, D., J. E. Martin, and J. P. Wilcoxon. Evolution of

Structure and Viscoelasticity in an Epoxy near the Sol-gel
Transition. Macromolecules, Vol. 23, 1990, pp. 527–531.

24. Kamal, M. R., and S. Sourour. Kinetics and Thermal

Characterization of Thermoset Cure. Polymer Engineering

and Science, Vol. 13, No. 1, 1973, pp. 59–64.
25. Yousefi, A., P. G. Lafleur, and R. Gauvin. Kinetic Studies

of Thermoset Cure Reactions: A Review. Polymer Compo-

sites, Vol. 18, No. 2, 1997, pp. 157–168.
26. Vogel, H. The Law of the Relationship between Viscosity

of Liquids and the Temperature. Physikalische Zeitschrift,
Vol. 22, 1921, pp. 645–646.

27. DiBenedetto, A. T. Calculation of Stresses in Crosslinking

Polymers. Journal of Polymer Science Part B: Polymer Phy-

sics, Vol. 25, 1987, pp. 1949–1969.
28. Kiasat, M. S. Curing Shrinkage and Residual Stresses in

Viscoelastic Thermosetting Resins and Composites. PhD

thesis. Delft University of Technology, 2000.

The Standing Committee on Asphalt Binders (AFK20) peer-

reviewed this paper (19-00234).

10 Transportation Research Record 00(0)


