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 Background and Problem Statement  

Many governments have devoted significant resources to the deployment of high-quality 
roadway networks which subsequently demand adequate maintenance. Nowadays, most of 
national road budgets are spent on maintenance of existing roadways as the need for repair is 
more frequent. Regular repair operations, such as patching and sealing, implies increased 
maintenance costs for the road authorities and the inconvenience for road users due to the 
temporary disruption of normal traffic flows. Within this framework, the initial construction 
cost of a roadway pavement is often surpassed by the cost of its maintenance and reconstruction 
leading to very high life cycle costs.  

In this context, roadway pavements of enhanced longevity would be expected to withstand very 
long-term traffic as well as varying environmental conditions reducing in this way the major 
maintenance needs. Considering also the adoption of long-term contracts by road authorities, 
long-life pavements have started to attract the interest of road contractors all over the world. 
New and relatively new binders specially designed to produce long-life pavements have been 
proposed to minimize the regular maintenance and reconstruction operations justifying their 
high initial costs. Among others, one quite promising technology is the epoxy modified asphalt, 
or epoxy-asphalt, which is able to lower the fracture sensitivity of pavement materials 
(Youtcheff et al., 2006; Kang et al., 2010 & 2015; Luo et al., 2015; Gong et al., 2019; 
Apostolidis et al., 2019; Chen et al., 2020), and have shown high aging resistance (Herrington 
and Alabaster 2008).  

Historically, epoxy-asphalt has been applied as a premium surfacing solution for airfields and 
steel deck bridges (Lu & Bors 2015). While the epoxy-asphalt have been introduced in asphalt 
binders as a high-performance solution on high deflection bridges since the 1970s (San Mateo-
Hayward Bridge in 1967 and San Francisco-Oakland Bay Bridge in 1969), recent studies have 
suggested the industrial transfer of this technology to roadway pavements under an OECD 
program (International Transport Forum 2017). Nevertheless, the primary concern that delay 
the wide use of this technology is the high initial material cost associated with the unknown 
chemistry of commercially available epoxy-asphalt binders. Although various epoxy resins 
have been used to modify asphalt binders, few epoxy products applicable for asphalt binders 
exist. Thus, an in-depth understanding of the epoxy modification mechanism in asphalt is 
needed to formulate durable epoxy-asphalt binders.  

Another factor that prohibits the broader use of epoxy-asphalt is that contractors could face high 
risks of construction failures, because of the uncontrolled irreversible curing. For instance, the 
paving mixture may segregate due to the low viscosity when the curing of epoxy-asphalt is 
relatively slow (International Transport Forum 2017). Moreover, if the production and transport 
temperature of epoxy-asphalt is too high, then the material would cure before paving. One-step 
delay through the in-plant production or the mixture transport to the field may lead to undesired 
over-hardening causing paving, shaping and compaction issues. Therefore, it is critical to 
elucidate the curing mechanism of the epoxy-asphalt under certain energy conditions to avoid 
complications through the whole pavement manufacturing chain.  
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Finally, and despite the significant field data and performance histories of using epoxy-asphalt 
materials internationally, quantitative information on the oxidative aging resistance of these 
materials is still missing to prove their enhanced longevity benefits. Until now, predictions on 
the long-term material performance were with single-point lab data sets on the time scale at 
130oC (Apostolidis et al., 2019), much higher than the actual pavement temperatures. 

 Thesis Research Objectives  

The addition of polymers to asphalt binders can result in materials of inferior properties. 
Thermoplastic but mostly thermosetting polymers may not mix homogeneously in asphalt 
binders leading to immiscible or partially miscible binders, which are mostly phase-separated 
materials. The phase-separated epoxy-asphalt binders can become brittle and thus more prone 
to cracking, leading the pavements ultimately to fail. However, only a few proprietary protected 
epoxy products are applicable in asphalt binders, and thus, the knowledge of incorporating 
chemistry to develop miscible epoxy-asphalt binders remains unknown. For this to be the case, 
this thesis aims to provide a fundamental approach to elucidate the chemical and physical 
processes that bear miscible epoxy-asphalt binders.  

Vital role in implementing the thermosetting epoxy-asphalt binders also plays the curing. To 
obtain fundamental insights into the material curing, multi-physics models and experimental 
methods mainly adapted by the polymer science are considered in this research to identify and 
assess the curing-induced changes of epoxy-asphalt. The development of physical and 
rheological properties that reflect the material workability are determined by laboratory 
experiments and used as input to multi-physics simulations.  

As the ultimate scope of implementing the epoxy-asphalt is to increase the longevity of 
pavements, the oxidation-induced changes of epoxy-asphalt materials as a function of time are 
evaluated as well in this research to prove the high aging resistance of such materials for 
wearing surface courses. Within the same framework, emphasis is also given on the effect of 
epoxy-asphalt on the durability and mechanical performance characteristics of an asphalt 
concrete mix.  

Details about the outline of the thesis are provided in the next section.  

 Thesis Outline  

The thesis is composed of eight chapters.  

In Chapter 2, the thermodynamic considerations regarding the miscibility of binary polymer 
blends are discussed in an endeavor to describe the phase behavior phenomena potentially 
operative in epoxy-asphalt binders. The objective of this chapter is to elucidate the mechanism 
that leads to phase separated binders and to understand the chemistry that bear miscible and 
homogeneous epoxy-asphalt binders. Experimental evidence of the microstructure morphology 
of a non-commercial epoxy binder formulation will be analysed in an atomic force microscopy 
(AFM) and compared with a proprietary protected epoxy binder.  

In Chapter 3, the use of a differential scanning calorimetry (DSC) is discussed to evaluate the 
curing of epoxy-asphalt binders. The DSC analyses will be performed to asphalt binders 
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modified with various types of epoxy formulations to understand the relationship between the 
processing (e.g., during in-plant production and in-field construction of asphalt pavements) and 
the properties of studied binders. The determination of optimum curing conditions based on 
calorimetric measurements can guide the asphalt processing technologies to avoid the 
uncontrolled curing of epoxy-asphalt systems at large.  

Since the epoxy-asphalt binders are thermosetting materials, it is of great importance to 
understand the phenomena that are involved to build-up their rheological properties during 
curing. Even though a lot of research has been performed on epoxy-asphalt the last decade, 
focus was given only on the material response after curing. In Chapter 4, the curing phenomena 
that lead to the formation of epoxy binders with certain rheological characteristics are discussed. 
In the same chapter, focus will be given also on a prediction model to simulate the thermo-
hardening material behaviour. Within the same framework, the inter-diffusion phenomena that 
take place because of the chemical interfacial interactions of the two reactive components are 
explored in the Chapter 5. Two different models are proposed and tested in a multi-physics 
software and comparison of these two is performed to assess their effect on simulating the 
interfacial reactions.  

In previous chapters, the impact of epoxy on asphalt binders is assessed providing fundamental 
understanding on the phase behavior and curing phenomena under certain energy conditions. 
Quantified knowledge of the oxidation mechanism of epoxy-asphalt is also needed for the 
reason discussed above. In Chapter 6, emphasis will be given on the impact of oxidation on 
chemical composition, physical and rheological characteristics of epoxy-asphalt materials. The 
oxidation kinetic parameters will be determined considering the carbonyls as the aging index 
in the studied epoxy and asphalt materials offering reliable predictions of the long-term 
performance of epoxy-asphalt pavements. Because the oxidative aging is accompanied by 
stiffening and embrittlement, Dynamic Shear Rheometer (DSR) and DSC studies have been 
performed to assess the oxidation-induced compositional dependence of the epoxy-asphalt 
materials.  

Chapter 7 provides insight and recommendations for the large-scale surfacing application of 
an epoxy-asphalt concrete mix designed in the laboratory. The potential use of epoxy binder as 
tack coating will be explored as well by evaluating the interface shear strength of two-layer 
epoxy-asphalt concrete mix samples for different tack coats.  

Finally, Chapter 8 presents a summary of findings presented throughout the thesis.  

Fig. 1.1 demonstrates the schematic flow diagram of the current work.  
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Figure 1.1 Schematic flow diagram of thesis outline.  
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Figure 2.4 Schematic of highly grafted morphology: (a) epoxy in a functionalized block 
copolymer, and (b) functionalized-epoxy precursor in block copolymer.   

phase of block copolymer phase of epoxy polymer 







 

Page | 20 

anhydrides have been used successfully to promote the system miscibility (Yu, Cong & Wu 
2009; Zhou et al., 2011). However, the high volume of rigid benzene groups in epoxy-methyl 
tetrahydropthalic systems could limit their applicability because binders of high viscosity can 
be developed (limited workability during construction). To address these issues, fatty acids 
were added to asphalt binders together with tung oil maleic tribasic acid (Li et al., 2014). In 
another research (Xu et al., 2018), a functionalized polyester with alkyl end groups was used 
as a toughening and miscibility promotor in an epoxy-asphalt binder. Lowering of the initial 
viscosity was noticed, which is an indication of improved solubility, together with an increase 
of curing time period. Similar performance was seen when epoxidized soybean oil was added 
in asphalt to produce a soluble phase in an epoxy resin even at 25oC (Si et al., 2018; 2019 & 
2020). Stable binders of short polymer chains are produced as well when a binder is cured 
with maleated coupling agents, such as maleic anhydride (Herrington et al., 1999; Kang, Wang 
& Chen 2010). A polyetheramine has been used with polar ether groups to increase the 
stability between epoxy and binder without separated phases (Kang et al., 2016).  

Overall, polymer and asphalt blends, such as the epoxy-asphalt binders, combine the 
properties and the functions of their individual components and unique characteristics can be 
possessed that cannot be achieved by utilizing the neat components only. Although extensive 
research performed to promote miscibility of modified binders, a high-resolution analysis is 
still needed to provide evidence about the final phase morphology and to reveal the interface 
formation of different epoxy-asphalt formulations. In this context, the morphology of two 
epoxy formulations in asphalt will be investigated in an effort to provide qualitative evidence 
on the miscibility of binders.  

 AFM Morphology of Epoxy-Asphalt Binders  

Past studies have provided insight into the phase characteristics and phase behaviour of (neat 
and modified) asphalt binder by performing analyses in AFM (Loeber et al., 1996; Masson, 
Leblong & Margeson 2006; Masson et al., 2007; Schmets et al., 2010; Pauli et al., 2011; 
Fischer, Stadler & Erina 2013; Lyne et al., 2013; Nahar et al., 2013; Soenen, et al., 2014; 
Fischer, Dillingh & Hernse 2014; Allen et al., 2014; Pauli 2014; Menapace et al., 2015; Nahar 
2016; Hofko et al., 2016; Nahar et al., 2016; Ramm et al., 2019; Ganter et al., 2020). Here, 
the assessment of surface morphologies and the interface characteristics of epoxy-asphalt 
binders will be carried out by performing a study in an AFM. Details of the AFM methodology 
and the results will be discussed as well.  

 Materials and preparation  

The epoxy polymer which was used in this study was an under-development system, 
consisting of two liquid parts; (i) epoxy and (ii) hardener. The epoxy part consists of three 
elements; epichlorohydrin-bisphenol-A resin (molecular weight, MW = 700 g/mol), 
epichlorohydrin-bisphenol-F-Harze (MW < 700 g/mol) and benzyl alcohol (solvent). The 
benzyl alcohol was used as well in the mix of amine-type agents forming the hardener. The 
ratio by mass of epoxy and hardener was constant (epoxy : hardener = 71 : 29). A 70/100 
pengrade asphalt binder was epoxy modified, using three different dilution ratios.  
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 Introduction  

Polymers and polymer-like materials, such as asphalt binders, are in amorphous state at high 
temperatures and cooling of them demonstrates the transition from an amorphous to a glassy 
state. A stepwise increase of stiffness modulus, specific volume, and thermal expansion 
coefficient happen through the amorphous-to-glass transition, or glass transition. The glass 
transition region is the range of temperatures that correspond to this transition.  

The glass transition temperature (Tg) is related to the overall chemical composition of 
materials. Based on past research, the Tg of asphalt binders of different performance grades 
and from different crude oil resources was shown to extend over the range between -60 and 
0oC (Claudy et al., 1991; Claudy et al., 1992; Harrison et al., 1992; Bahia 1992, Jimenez-
Mateos et al., 1996; Turner & Branthaver 1997; Planche et al., 1998; Anderson & Marasteanu 
1999; Masson & Polomark 2001; Kriz et al., 2007; Qin et al., 2014; Frolov et al., 2017; Adams 
et al., 2019; Elwardany et al., 2019; Ding & Hesp 2021). The glass transition depends on the 
degree of aging as well, with the increase of Tg values to be associated with the increase of 
asphaltenes in binders (Turner & Branthaver 1997). From the mechanics point of view, the Tg 
can be used to interpret low temperature thermal cracking defects in asphalt pavements. Below 
the Tg binders exhibits brittle behaviour, while they are ductile at temperatures above Tg.  

Differential scanning calorimetry (DSC) has been accepted as a robust instrument to 
determine the glass transition of asphalt binders as well as other enthalpy related transitions. 
With this device, the endothermic or exothermic heat flow of a sample can be monitored under 
a controlled temperature program. Moreover, the DSC has been proved as a powerful tool to 
evaluate the Tg of different copolymers as well as their miscibility with asphalt binders. As 
mentioned in Chapter 2, the miscibility, or lack of it, determines the performance of binders. 
On the one hand, a single Tg, otherwise a single blend-average Tg, indicates a single phase 
system, and on the other hand, blends of two Tg values manifest two phases systems. In asphalt 
binders, alterations of glass transitions manifest to changes of a single Tg. Many studies have 
been performed to evaluate the miscibility of various polymers in binders with the goal to link 
with other properties (Ho et al., 1997; Fawcett & McNally 2001; Kamiya et al., 2001; Varma 
et al., 2002; Masson et al., 2005a & 2005b; Adams et al., 2019; Kaya et al., 2020).  

In epoxy-asphalt binders, it has been found that the bisphenol A diglycidyl ether (DGEBA), 
the main compound of epoxy resins, is immiscible with asphalt binders (Laval & Quivoron 
1973; Laval & Brule 1974). Nevertheless, improved miscibility between epoxy polymers and 
asphalt binders is possible by applying specific formulations. Certain epoxy formulations may 
result in miscible binders and thus it is of high importance to evaluate their impact on the 
curing of epoxy-asphalt binders. The determination of optimum conditions during 
manufacturing flexible pavements will also assist the future binder formulations to avoid the 
undesired over-curing of thermosetting materials and thus the negative effect of reduced mix 
workability during construction.  

In this chapter, the DSC is used to perform analyses of asphalt binders modified with various 
types of epoxy formulations to elucidate the curing behavior of new thermosetting systems. 
The parameters which will be determined in this chapter will be used as input in the chemo-
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The proportion of epoxy (i.e., 20% wt) and asphalt binder together with hardener (i.e., 80% 
wt) is fixed for all binders (see Table 3.1), only the formulation of the epoxy polymer was 
changed. It was expected that by changing the epoxy formulation, significant differences will 
be observed in the kinetic parameters of binders (i.e., Ea, K0, n).  

As shown in Fig. 3.5, the activation energy (Ea), which is the energy barrier to be overtaken 
to initiate the curing reaction, is higher for EAref than EA-HDP and EA-HYP. Thus, the 
reference epoxy-asphalt binder demands higher applied energy levels to initiate the curing. 
However, once this binder overtakes this energy barrier, it cures faster (higher reaction rate) 
than the other binders. This observation is contradictory with previous studies on the topic but 
by assessing different binders and epoxy formulations (Yin et al., 2014; Li et al., 2014). 
Marginally lower activation energy values for epoxy-asphalt binder (46-49 kJ/mol (Yin et al., 
2014) and 65 kJ/mol (Li et al., 2014)) than of their neat epoxy polymers (50 kJ/mol (Yin et 
al., 2014) and 78 kJ/mol (Li et al., 2014)) have been shown.  

In addition to curing kinetic parameters, the Tg changes due to the curing of different binders 
are examined. The Tg is shifting to higher temperatures as curing proceeds and crosslinks are 
formed. A higher Tg corresponds to a greater degree of conversion. In other words, the Tg 
values rise with the material curing until achieving an ultimate value corresponding to the 
ultimate conversion degree at a given temperature.  

Fig. 3.6 shows how the Tg changes as curing proceeds by the TL-DSC measurements of EAref 
at different time intervals emphasizing on the temperature range from -50 to 50oC.  

The curing and increase of degree of conversion shift the Tg towards higher temperatures 
indicating more rigid molecular chains, and thus the high strength of forces between the 
molecules. Furthermore, the increase of Tg values reflects the rise of cracking susceptibility 
of binders due to the ductile to brittle transition behavior.  

The Tg evolution over curing time (in the oven) of different epoxy polymers (i.e., KD-HDP 
and KD-HYP) is shown in Fig. 3.7a. Similarly, the Tg increase due to the curing of epoxy-
asphalt binders (i.e., EA-HDP, EA-HYP and EAref) is demonstrated in Fig. 3.7b. The Tg 
studies after the non-isothermal measurements demonstrate a significant difference between 
the epoxy polymers and modified binders. By comparing Fig. 3.7a and 3.7b, it is obvious that 
the epoxy cures faster than epoxy-asphalt binders showing that the asphalt binder hinders the 
interaction between the reactive components of polymers and thus slows down the reaction 
process. The difference in the extent of the Tg is observed when different polymers are cured. 
During curing, the KD-HYP demonstrates a higher extent of the Tg than KD-HDP (see Fig. 
3.7a).  
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Figure 3.6 The Tg of EAref at different time intervals after standard non-isothermal 
calorimetric scans. 
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(a) 

 
(b) 

 
Figure 3.7 The Tg evolution during cure at 130oC of (a) epoxy polymers KD-HDP and KD-
HYP and (b) epoxy-asphalt binders EA-HDP, EA-HYP, EAref, and bitumen (or asphalt 
binder), after standard non-isothermal calorimetric scans.  

 Temperature modulated calorimetric measurements  

In addition to the standard temperature-linear DSC (TL-DSC), modulated calorimetric 
analyses were conducted for all binders as well. The temperature-modulated DSC (TM-DSC) 
is a powerful technique that has been used as a platform to assess both the reversing and non-
reversing phenomena of polymers and polymer-like materials. A modulated temperature 
signal, which is superimposed on the linear heating or cooling temperature program, can be 
applied to elucidate the thermo-kinetic phenomena, such as cold crystallization, occurring 

-40

-30

-20

-10

0

10

20

30

40

50

0 30 60 90 120 150 180

Gl
as

s 
tra

ns
iti

on
 te

m
pe

ra
tu

re
, T

g
[o C

]

Time [min]

KD-HDP
KD-HYP

-40

-30

-20

-10

0

10

20

30

40

50

0 30 60 90 120 150 180

Gl
as

s 
tra

ns
iti

on
 te

m
pe

ra
tu

re
, T

g
[o C

]

Time [min]

EA-HDP
EA-HYP
EAref
Bitumen





 

Page | 51 

 
 

(a) 

  
(b) 

 

  
(c) 

Figure 3.9 TM-DSC scans of (a) EAref, (b) KD-HDP (left) and EA-HDP (right) and (c) KD-
HYP (left) and EA-HYP (right) including the heat flow (red line).  
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The graph in Fig. 3.9(a) shows the heat flow (red line) together with the specific heat capacity 
and kinetic curves of EAref after performing the calculation in the Pyris DSC software. Irregular 
peaks are shown in EAref which affect the precise positioning of the baseline tangents and thus 
the individual Tg values of epoxy and asphalt binder cannot be given. This issue is difficult to 
resolve for the uncured binders because they should be pre-heated at high temperatures and then 
cooled down with modulation before any measurement to remove any extraneous thermal 
effect. This pre-treatment before curing will result in crosslinks in the binders and thus the 
accuracy of kinetics will be lost. In such thermo-hardening binders, the TM-DSC measurements 
without this pre-treatment will also cause a lack of accuracy. Therefore, it is hard to determine 
the exact evolution of the Tg during the curing for a thermosetting binder by performing TM-
DSC measurements. This also explains the change of the Tg position as the curing progresses 
and thus a broader glass transition region appeared, especially in the thermographs of neat 
epoxy polymers and epoxy-asphalt binders in Fig. 3.9(b) and 3.9(c). The broad glass transition 
region is shown having Tg values closer to those of fully cured binders.  

Finally, the total exothermic heat flow determined from the two performed calorimetric 
methods shows similar values. For example, the total heat released from the curing EAref was -
48.95 and -51.58 J/gr (see also Table 3.2) for the modulated and standard analysis (heating rate 
of 20oC/min), respectively.  

 Summary  

In this chapter, two different epoxy formulations were used as asphalt binder modifiers by 
having a proprietary protected epoxy-asphalt binder as a reference, and their thermal behaviour 
under the standard TL-DSC and the TM-DSC measurements were observed. These 
measurements performed in a DSC provided insight into the processing parameters by 
considering the release of heat during the calorimetric measurements proportional to the 
progress of chemical reactions. Curing kinetic parameters and the Tg change were determined 
for the epoxy polymers and epoxy-asphalt binders under different conditions.  

Particularly, the Tg is shifting to higher temperatures as curing progresses and crosslinks are 
formed, with the neat epoxy polymers to crosslink faster than the epoxy-asphalt binders. The 
asphalt binder also hinders the interaction between the two reacting epoxy components, and 
thus a reduction of the Tg evolution rate was obtained. The effect of applied energy on the curing 
of the studied materials was more pronounced on the neat epoxy compared to the asphalt 
binders modified with those polymers.  

The insights provided by the TL-DSC were compared those obtained from the TM-DSC 
measurements as well. The modulated measurements offer higher precision in the determination 
of the Tg by isolating the scans from other thermal-driven events. Nevertheless, the exact 
evolution of the Tg of reacting materials by performing TM-DSC measurements was hard to 
obtain since a broad glass transition region was found. During the TM-DSC measurements, the 
binders were curing and hence the glass transition regions were shifting over scanning.  

Overall, the determination of optimum curing conditions based on calorimetric measurements 
as performed in this chapter can assist to guide the design of epoxy-asphalt binder to avoid the 
negative effect of reduced mix workability during construction. In combination with the in-
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Hardening of Epoxy-Asphalt Binders  
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 Introduction  

During mixing, paving and compaction of asphalt mixes, the rheological properties of asphalt 
binders, and particularly the viscosity, play key role. High production temperatures decrease 
the viscosity of asphalt binder allowing the effective wetting of aggregate surface. During 
construction, the asphalt mixture should be workable enough as well, or the binder to have low 
enough viscosity, to prevent segregation without also causing a material of pre-mature cracks. 
In accordance with AASHTO M320, the binder viscosity should not exceed 3 Pa·s at 135oC to 
allow sufficient workability for the paving mixes. Nonetheless, the processing of thermosetting 
epoxy-asphalt (EA) binders is more complicated.  

Higher temperatures accelerate the epoxy curing and lower the time window for the transport 
and compaction of thermosetting mixes. The uncontrolled irreversible curing of such materials 
before compaction and during the early traffic period remains the main technical issue that 
prohibits the wide use of this technology, even though it has been implemented in various 
bridges and highways internationally (Lu & Bors 2015; International Transport Forum 2017).  

On the one hand, the relatively slow curing of EA could lead to paving mixtures that may 
segregate after compaction due to the low material viscosity, lower than that of standard asphalt 
binders at the onset of compaction. On the other hand, if the in-plant production and transport 
temperature of EA is too high, the material could be fully cured before paving which will make 
the material compaction impossible. Therefore, it is crucial to control the whole production 
chain of EA materials to ensure the development of roads with the desired properties and 
subsequently performance characteristics.  

Within the framework of this thesis, the focus of this chapter is on developing a model to 
simulate the thermo-hardening behaviour of a thermosetting EA binder (or more strictly the 
chemo-rheology) under certain energy conditions, or constraints in temperature and time for 
production and construction. As the development of physical (i.e., glass transition temperature) 
and rheological (i.e., viscosity) properties plays a role to characterize the EA workability, the 
curing induced changes of these properties will be determined by conducting laboratory 
experiments. These parameters will be used as input for the chemo-rheological model as well.  

 Changes due to Curing  

A rigid three-dimensional polymer network is formed when the epoxy molecules react 
chemically with a set of hardeners. This phenomenon is called curing and it starts with the 
formation, branching and, finally, the crosslinking of epoxy molecules. As curing proceeds, the 
molecular weight and viscosity increase toward infinite, and the gel point is reached when the 
molecular weight becomes theoretically infinite. The kinetically controlled material transition 
from viscous liquid to a viscoelastic gel is called gelation. Prior to gelation, the epoxy molecules 
are soluble in appropriate solvents and the polymer is at a liquid state. The viscosity of the 
initial liquid polymer will increase together with the glass transition temperature over curing. 
Once the gel point reached, the epoxy molecules have interacted together, branched molecules 
are created, and an initial macromolecular network is formed. The stiffness modulus grows 
continuously at the post-gelation regime indicating the densification of the polymer network.  
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 Influence of activation energy and reaction rate on viscosity development  

The operational time window from plant to field will affect the workability of thermosetting 
materials. In this sub-section, the effect of reactions kinetics on the curing induced changes of 
viscosity are discussed.  

The results that illustrate the effect of activation energy are presented in Fig. 4.7a. As 
demonstrated in this figure, the activation energy has a strong impact on the viscosity evolution 
under isothermal conditions (130°C). By decreasing the activation energy from 60 kJ/mol to 50 
kJ/mol, the viscosity increases exponentially very fast. This response indicates that a more 
reactive system can be attributed to lower the energy demands to facilitate the epoxy curing. 
Note that the EA mixes are produced and compacted at a temperature range substantially lower 
than conventional asphalt mixes resulting in a decrease of the material production energy 
(ChemCo Systems 2016a & 2016b).  

Similar viscosity predictions were observed when various kinetic factors were tested. The 
impact of the kinetic factor on viscosity development appears in the isothermal hardening 
curves of Fig. 4.7b, confirming that the highly reactive binders harden faster.  

 Influence of temperature and reaction extent on viscosity development  

To investigate the impact of temperature on the viscosity evolution, different isothermal studies 
were considered as well (i.e., 90, 100, 110, 120, 130oC). The numerical analyses performed by 
varying the conversion degree at the gel point (xgel) from 0.3 to 0.9 (step 0.1).  

Fig. 4.8 demonstrates the influence of temperature on the gelation time. Significant decrease in 
the predicted gelation time was achieved by increasing the temperature. At isothermal 
conditions, the computed results illustrate the role of applied temperature on the material curing, 
and the gelation. The trend above was also observed in the experimental section of this chapter.  

Analogous trend was observed for xgel, as a material parameter linked with the gel point of 
epoxy, on building the viscosity of binders (see Fig. 4.8). For example, for all the predefined 
applied temperatures, the achieved viscosity was higher when the xgel decreases from 0.9 to 0.3. 
As a result, the intermolecular interactions between the components produce a composite with 
a lower value of the conversion degree until the gelation.  
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 Summary  

Normally, the hot-mixed asphalt materials are applied at high temperature, which could lead to 
reduction of operational time window in the case of EA. By increasing the production or 
transport temperature of epoxy asphalt paving materials, shorter time windows are needed for 
the epoxy system to gel irreversibly. This chapter presents the curing induced changes and the 
subsequent predictions of viscosity evolution of EA binders via performing laboratory 
experiments and numerical analyses to understand the way these binders are hardening due to 
curing.  

The time-dependent chemo-rheology model used in this work can provide hardening 
predictions by linking the degree of conversion with the viscosity. A simple rheological analysis 
of a thermosetting binder has been performed capturing the typical exponential increase of 
viscosity. The numerical analyses also showed the impact of the curing kinetics parameters on 
the hardening of epoxy binders. Lower levels of activation energy increase the rate of viscosity 
development. The numerical sensitivity analyses have shown that with the increase of 
temperature the material viscosity increased, as the curing rate is highly dependent on the 
temperature. Overall, the binders of different reactivity characteristics could show different 
flow and thermo-hardening behaviour under certain energy conditions.  
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Figure 5.2 Finite element geometry and mesh of single domain, and concentration predictions 
of component AB along the x-coordinate of geometry.  
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Figure 5.3 Predicted variation of concentration of producing component AB along the 
horizontal axis at different time intervals (Ea=56 kJ/mol, K0=2000 1/s, T=130oC).  

  

(a) (b) 

Figure 5.4 Effect of (a) reaction rate (500, 1000 and 1500 1/s with constant 56 kJ/mol) and 
(b) activation energy (20, 30 and 40 kJ/mol with constant 2000 1/s) on the extent of product 
concentration of two reacting components.  

In addition, a sensitivity analysis was performed using different reaction rates (K0: 500, 1000 
and 1500 1/s) and activation energies (Ea: 2E1, 3E1 and 4E1 kJ/mol), respectively, to assess 
their influence on the concentration of reaction products. The concentration profiles of 
producing component AB along the length of the studied domain (x-coordinate) at an instant 
time for different values of reaction rate and activation energy of the chemical reaction are 
plotted in Fig. 5.4a and 5.4b, respectively. Lower values of activation energy result in the 
acceleration of reaction and higher concentrations of component AB close to the left boundary. 
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Figure 5.6 Finite element geometry and mesh of two contacting domains, and concentration 
predictions of different reacting components along the x-coordinate of geometry. 
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(a) 

 

(b) 

Figure 5.7 Effect of (a) reaction rate (500, 1000 and 1500 1/s with constant 56 kJ/mol) and 
(b) activation energy (20, 30 and 40 kJ/mol with constant 2000 1/s) on the extent of product 
concentration of two reacting components (D0A and D0B : 5E-14 m2/s). 
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(a-i) (a-ii) 

(b-i) (b-ii) 
Figure 5.8 Effect of the diffusion coefficient of component (a-i) A in phase b and (a-ii) B in phase a on the concentration variation of (b-i and b-
ii) component AB along the horizontal axis at the end of reaction (D0: 5E-11, 5E-12, 5E-13 and 5E-14 m2/s, with constant Ea=56 kJ/mol, K0=2000 
1/s, T=130oC). 
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The plots of concentration of components A, B and AB at the end of reaction for different 
diffusion coefficients are given in Fig. 5.8. Especially, the simulation results when D0A 
(diffusion coefficient of A) and D0B (diffusion coefficient of B) vary in phases b and a are shown 
in this figure. The concentration gradient depicts the generated inter-diffusion profiles 
predicting the concentrations levels and rates of formed component AB when the two phases 
inter-react. The concentration profile of component AB differs from low to high D0 showing the 
level of diffusion. Higher values of diffusion coefficient result in lower concentrations of newly 
produced species at the interface. For example, as shown in Fig. 5.8a-i, when the D0A was 5E-
11 m2/s, then the diffusion of component A in phase b was considerably low comparing the 
lower D0 values, causing subsequently lower concentrations of component AB at the interface 
(see Fig. 5.8b-i). The same phenomenon was noticed in the predicted profiles of components B 
and AB by varying the values of D0B (see Fig. 5.8a-ii and Fig. 5.8b-ii). In all cases, the 
concentration profiles of component AB show the highest localized concentrations always at 
the interface. 

 Summary  

In the case of binary polymer blends, as epoxy-asphalt binders, accurate predictions of the 
composition at the interface between different phases are needed to obtain a mechanistic picture 
of diffusion-reaction of interacting species. In this chapter, a model based on the free-volume 
theory is implemented in a multi-physics tool to simulate the curing induced diffusion 
phenomena. Numerical predictions have shown that lower values of activation energy result in 
the acceleration of curing process, as discussed in Chapter 4 as well, leading to higher 
concentrations of newly produced species at the interface. The impact of activation energy on 
facilitating the diffusion of reactive species over curing was more significant than of reaction 
rate in both cases (i.e., single domain and two contacting domains). Furthermore, higher values 
of diffusion coefficient result in lower concentrations of newly produced species at the 
interface. More and more species A diffuse into phase b over curing, particularly at lower initial 
diffusion coefficient values, causing an overall concentration increase of species AB at the 
interface, decrease of diffusion coefficient, hindering the further species transport.  

The presented model in this chapter can be applied as a powerful tool for understanding the 
reaction mechanisms to produce homogeneous blends reducing the number of trial-and-error 
experiments. In turn, the reliable quantitative description of process kinetics can be a decisive 
tool for the design of optimal reaction paths. Binders with chemical species of certain reactivity 
and diffusivity characteristics could be able to co-associate with the epoxy groups producing 
thus partially or fully miscible systems under certain energy conditions. Nonetheless, the energy 
conditions play crucial role in this process, as indicated also in the previous chapters, and thus 
they should be selected carefully to control the quality of epoxy-asphalt binders.  
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 Introduction  

The impact of epoxy polymers on the oxidative aging performance of asphalt binders was 
evaluated in various studies (Herrington & Alabaster 2008; Apostolidis et al., 2019). However, 
fundamental understanding of the oxidation mechanism of epoxy-asphalt binders is needed 
because of the significantly different nature of these binders comparing the conventional one. 
Quantitative information on the rate of chemical, physical, and mechanical changes of epoxy-
asphalt as a function of time is important to precisely predict the evolution of material 
properties through service life. This is also true for conventional binders, but it becomes even 
more important in the case of epoxy-asphalt because of their extremely long potential lifetime.  

The scope of this chapter is to provide understanding on the oxidative aging of epoxy-asphalt 
binders and mastics by performing laboratory analyses. Fourier Transform Infrared (FTIR) 
spectroscopy is used to track carbonyls and sulfoxides of studied materials at different 
temperatures over time. The oxidation kinetic parameters of epoxy-asphalt binder and mastic 
have been determined to quantify their aging sensitivity. As the oxidative aging is accompanied 
by stiffening and embrittlement of binders contributing to the overall deterioration of asphalt 
pavements, special attention is also given to assess these characteristics of epoxy-asphalt 
materials due to oxidative aging. Especially, Dynamic Shear Rheometer (DSR) studies have 
been performed to assess the changes of stiffness modulus and phase angle and ultimately to 
analyze the oxidation-induced stiffening of epoxy-asphalt materials. Analysis of the 
dependence of the glass transition temperature, Tg, on the initial composition of the materials 
has also been conducted using differential scanning calorimetry (DSC). Below the Tg, asphalt 
binders exhibit brittle behavior while they are ductile at temperatures above the Tg. Hence, the 
Tg could be used as an alternative parameter to quantify the influence of epoxy in asphalt, as 
discussed in Chapter 3, and ultimately to elucidate the mechanism of oxidation-induced 
embrittlement.  

The background of oxidative aging in asphalt binders will be discussed in the next section.  

 Chemistry of Oxidative Aging in Asphalt Binders  

Asphalt binder is composed of an extremely large number of different types and sizes of 
organic (hydrocarbon) molecules ranging from paraffins to alkyl polyaromatics containing 
trace elements of nitrogen, oxygen, sulphur and traces of metals such as vanadium and nickel. 
These molecules are separated into categories based on the chemical reactivity and the polarity 
of organic molecules. In the next sections, the chemistry of oxidative aging of asphalt binders 
is discussed together with the main factors influencing the oxidative aging process.  

 Functional groups and fractions of oxidative aging  

A lot of effort has been given to get information on the organic molecular groups in virgin and 
aged asphalt binders where new functional groups are formed due to the chemical interaction 
mainly between oxygen and the organic molecules of asphalt binders. Among other groups, 
the heterogeneous functional groups in binders have been mentioned with the largest impact 
on rheological properties (Petersen 1984). The larger of the heteroatom-containing groups in 
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of sufficient mobility of molecules and the relatively high viscosity of a material consisting 
solely of asphaltenes and aromatics.  

The amount of polar functional groups in asphalt binders increases over aging, resulting in a 
reduction of molecular flow and kinetics. However, the composition of molecules differs 
among different binders and, hence, studies were conducted to identify which is the most 
important element correlated with the viscoelastic properties of asphalt binders. It was 
concluded that asphaltenes (Plancher et al., 1976) and ketones (Martin et al., 1990; Lau et al., 
1992; Lin et al., 1995; Petersen et al., 1993; Branthaver et al., 1993) display good correlations 
between their content and the viscosity, and the asphalt becomes brittle with increased stiffness 
modulus and reduced phase angle (Vallerga 1981; Lu & Isacsson 1998; Siddiquie & Ali 1999; 
Lamontagne et al., 2001; Glover & Doke 2005; Durrieu et al., 2007; Lu et al., 2008; Mouillet 
et al., 2009; Wu et al., 2009; Wu & Airey 2009; Farrar et al., 2013; Glaser et al., 2013; Liang 
et al., 2019; Jing et al., 2019a; 2019b; 2019c & 2019d).  

 Kinetics of oxidative aging  

Due to the fact that the oxidation-induced compositional changes of asphalt binders are 
dependent on the material type and source, it is important to consider the oxidation reaction 
kinetics of the asphalt binders. As mentioned before, major products at the initial stages of 
oxidation of asphalt binders are ketones and sulfoxides. The rate of formation of these products 
is characterized as less at later stages when carboxylic acids and dicarboxylic anhydrides being 
formed (Lee & Huang 1973; Petersen et al., 1975; Lau, et al., 1992; Branthaver et al., 1993; 
Petersen 1998). It has been reported that the formation rate of sulfoxides during the initial stage 
of oxidative aging is higher than ketone formation rate at ambient temperatures (Lau et al., 
1992; Petersen et al., 1996; Petersen 1998; Petersen 1998). Note that the total concentration of 
sulfoxides and ketones at the end of the initial oxidation stage, which was determined using the 
FTIR spectroscopy, is about the same regardless of the temperature and the relative amounts 
of each component (Petersen 2009).  

Studies on oxidized binder examined the correlation of ketones and sulfoxides during aging 
with the current fraction of maltenes and asphaltenes in asphalt. When the material was 
oxidized, the fraction of maltenes decreased and that of asphaltenes increased, respectively. 
Furthermore, the highest amount of ketones formed during oxidation were derived from 
resinous fractions forming large parts of polar aromatics. Sulfoxides, which are derived from 
the oxidation of sulfides, are the less polar fractions and no correlation was found with the 
formation of asphaltenes. After initial oxidation, it is believed that the increase of viscosity is 
not associated by the polarity of molecules with the large, agglomerated domains formed 
because of the polarity changes of these groups. These agglomerated domains have been 
recognized as products causing insufficient mobility (Petersen et al., 1996).  

The asphalt oxidation is distinguished in two phases, a non-linear fast-rate reaction, and a linear 
constant-rate reaction phase (see Fig. 6.1) (Van Oort 1956; Liu et al., 1996; Jin et al., 2011; 
Glaser et al., 2013; Liu & Glover 2015; Herrington 2012; Herrington et al., 2017; Jing 2019). 
Previous works focused on constant-rate kinetics of aging asphalt binder as well because the 
duration of the fast rate period is relatively short and of small impact on the long-term asphalt 
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performance (Liu et al., 1996; Domke et al., 1999). The oxidation reactions as aliphatic 
sulphide to sulfoxide and benzylic carbon to carbonyls have been indicated as the main reaction 
pathway of oxidative aging in asphalt that dominates the material stiffening (Petersen et al., 
1993; Petersen & Harnsberger 1998). Several models and mechanisms were also proposed 
through the years to predict the reaction rate to describe the oxidative aging kinetics (Bateman 
& Hargrave 1954; Martin 1966; Knotnerus 1971; Petersen 1984; King 1993; Herrington 1995; 
Petersen 1996; Petersen 1998). 

Overall, the state of molecular dispersion within the asphalt alters with oxidative aging and 
new molecules are produced. In the present research, emphasis was given on assessing the 
development of polar molecules in the form of sulfoxides and carbonyls using the FTIR 
spectroscopy. As the dispersion of polar organic molecules in a medium of less polar molecules 
and their interaction are highly associated with the performance-related properties of asphalt, 
stiffening and embrittlement of materials were evaluated as well by conducting DSR and DSC 
tests, respectively. The materials used, and the conditioning and testing protocols implemented 
for this research part are discussed in the following section.  

 
Figure 6.1 Schematic illustration of typical asphalt oxidation in-service conditions.  

 Materials and Methods  

 Binders, filler and mastics  

The idea to dilute the epoxy binder with a conventional asphalt binder has been adopted in New 
Zealand as a feasible method to produce durable pavement materials under relatively long 
operational time windows (Herrington & Alabaster 2008; International Transport Forum 
2017). Here, a 70-100 pengrade binder was diluted with the epoxy binder (EAref). Immediately 
after preparing the EAref as described in Chapter 2, the epoxy was mixed with the pre-heated 
70-100 pengrade binder at 120oC with a weight ratio of 20:80 and 50:50 of epoxy (100:0) and 
neat asphalt binder (0:100), respectively.  

Asphalt binders are always in conjunction with mineral particles (i.e., filler and aggregates) of 
different sizes in asphalt mixes. Filler particles together with the binder form the mastic which 
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(a) 

 
(b) 

 
(c) 

Figure 6.2 IR spectra of (a) asphalt and EA binder, (b) filler and (c) asphalt binder with filler, 
or asphalt mastic, and EA mastic (after oven-conditioning at 100°C for 480 hrs).  
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Once Part A is mixed with Part B, the curing reaction of epoxy in Part A with the specific 
functionalities in Part B occurs in presence of acid-based reaction catalysts/initiators giving 
ether and ester compounds and producing the epoxy binder (Herrington & Alabaster 2008; Wei 
& Zhang 2012; Apostolidis et al., 2019). Specifically, oxirane groups (at 917 cm-1) react with 
the carbonyl acid group (at 1709 cm-1) resulting into ester (at 1735 cm-1) and ether (at 1040 cm-

1). Hence, loss of carboxylic acid (at 1709 cm-1) and oxirane (at 917 cm-1) groups, and the 
corresponding increase of ester (at 1735 cm-1) and ether (at 1040 cm-1) groups happens. Due to 
the curing of EA materials is beyond the scope of this research part, the extent of oxidative 
aging of studied materials was evaluated by calculating the carbonyl (CO) and sulfoxide (SO) 
aging indices by using the area method. The CO and SO aging indices are defined as the 
integrated peak area from 1753 to 1660 cm-1 and from 1047 to 995 cm-1, respectively. Details 
on how these indices were calculated provided by Ruxin 2019d.  

 Dynamic shear rheometer measurements  

To quantify the oxidation-induced stiffening in mastics, frequency sweep measurements were 
conducted using DSR. The effect of aging on the performance of the frequency-dependent 
properties (i.e., complex shear modulus defined as the total resistance of samples to 
deformation under different frequencies and phase angle indicated the viscous performance of 
samples) of mastic samples at different epoxy modification levels and oven-aging time periods 
(i.e., 2, 5, 8, 24, 120, 240 and 480 hrs) at 100oC was determined here. DSR testing frequency 
sweep measurements (0.1 to 10 Hz, 0 to 50oC at temperature steps of 10oC) were performed to 
quantify the aging effect on the viscoelastic properties of mastic. The parallel plate testing 
geometry (plates of 8-mm diameter with a 2-m sample gap) was used and the samples were 
reshaped to fit between the parallel plates. The master curves were produced with the time-
temperature superposition model at a reference temperature of 30°C.  

 Differential scanning calorimetry measurements  

Glass transition is the glass to amorphous non-equilibrium transition occurring in all material 
types. Although the glass transition of asphalt binders is a well-established research topic 
(Apostolidis et al., 2021), systematic analyses of the glass transition of polymer modified 
asphalt materials using DSC is still needed, to obtain information about the miscibility and the 
potential oxidation-induced embrittlement of such materials. The knowledge of Tg as a function 
of composition reflects miscibility or lack of it. The determination of composition relationship 
with the Tg and its deviation can be used as indicators of the thermodynamics of mixing of 
amorphous systems, with the positive enthalpy of mixing to be associated with the Tg deviations 
and the formation of immiscible binders.  

The composition dependence of the Tg in several binary polymer blends has been reported 
along these lines, showing positive, negative, and zero deviations from the ideal mixing rule 
(Lesikar 1976; Painter et al., 1991; Murthy & Tyagi 2002; Pinal 2008; Gupta & Mauro 2009; 
Wang et al., 2011). Various relationships that describe the glass transition-composition 
dependence have been proposed in various binary polymers (Gordon & Taylor 1952; Fox 1956; 
Couchman & Karasz 1978; Kwei 1984), and all are represented as minor variations of the 
following expression  
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Figure 6.3 Change of (a) sulfoxide and (b) carbonyl compounds of asphalt (top) and EAref 
binder (bottom) over oven-conditioning at 80, 90 and 100oC.   
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Figure 6.4 Change of (a) sulfoxide and (b) carbonyl compounds of asphalt (top) and EAref 
mastic (bottom) over oven-conditioning at 80, 90 and 100oC.   
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mastics are shown in Fig. 6.6(a) and 6.6(b), respectively. The datapoints provided in these 
graphs were the average of three replicates and the variations observed in some cases might be 
associated with the existence of more than one reaction steps over aging.  

Data in Table 6.2 show that the increase of epoxy proportion in asphalt binder, with and 
without filler, leads to a decrease of activation energy (Ea) and reaction rate (K0) of carbonyls 
formation, and thus to materials of high temperature sensitivity and slow reaction rate over 
aging, respectively.  

Especially, the temperature sensitivity of the formation process of carbonyls over oxidative 
aging is represented by the values of activation energy. The latter is the energy threshold for a 
reaction to occur. Hence, the lower values of the activation energy of carbonyls formation in 
aging EA binders correspond to systems of higher temperature sensitivity over oxidation 
comparing the neat asphalt binders. In other words, materials of lower Ea values mean that the 
oxidation reaction of carbon species takes place easier under equal conditions than of materials 
of higher Ea values. Furthermore, the proportional increase of epoxy part in asphalt led to lower 
the oxidation reaction rates and thus carbonyls of lower reactivity, indicating the generation of 
materials with slow reacting carbon species, or materials of enhanced aging resistance.  

An increase of activation energy of carbonyls formations in both asphalt and epoxy binders 
was noticed as well with the addition of fillers, as given in Table 6.2. Specifically, an increase 
of the energy levels to initiate the formation of carbonyls in asphalt and epoxy-asphalt binders 
is indicated with the addition of filler at any given temperature. These phenomena can be 
confirmed by previous studies on the topic of oxidative aging in asphalt. The impact of fillers, 
such as the hydrated lime, demonstrated a reduction in the oxidation rate and subsequently 
improvement on the aging resistance (Petersen et al., 1974; Plancher et al., 1976; Petersen et 
al., 1987; Elder et al. 1985; Johansson et al., 1995 & 1996; Lesueur & Little 1999; Huang et 
al. 2002; Little & Petersen 2005; Huang & Zeng 2007; Lesueur et al., 2013 & 2016; Moraes & 
Bahia 2015a & 2015b).  

Overall, lower activation energies and reaction rates of carbonyls formation are exhibited on 
binders of higher epoxy proportions in asphalt including filler particles. The present 
observations confirm that the incorporation of polymer modifiers, such as styrene-butadiene-
styrene (Jin et al., 2011; Liu et al., 2019), leads to the generation of binders of reduced oxidation 
reaction rates. In the future, the oxidation kinetics parameters could be used to provide reliable 
predictions on the oxidative aging rates of pavement materials at road conditions without 
performing expensive long-term oxidation tests in the laboratory.  
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(a) 

 

(b) 

Figure 6.6 -ln(K) versus 1/RT through oven-conditioning for the studied (a) binders and (b) 
mastics.   
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Table 6.2 Kinetic parameters of studied materials.  

Percentage of EA  K0 [1/hrs] Ea [kJ/mol] 
EA0 2.23E+07 65.01 
EA100 3.15E+00 19.20 
EAF0 7.01E+16 136.51 
EAF20 2.70E+09 84.19 
EAF50 9.74E+03 42.87 
EAF100 7.71E+02 37.26 

 Rheological Changes  

Fig. 6.7 shows the master curves of complex modulus and phase angle of oven-conditioned 
samples (i.e., EAF0, EAF20, EAF50 and EAF100) after 480 hrs at 100oC. These materials are 
already fully cured. EAF20 and EAF50 have shown higher values of stiffness modulus over 
the analyzing frequency range than the unmodified mastic, or EAF0, indicating the generation 
of stiffer materials by substituting asphalt binder with epoxy. The EA binder with filler, or 
EAF100, is a material of high modulus, higher than of EAF0 and EAF20, indicating that the 
latter has shown the stiffer material among all studied mastics (i.e., all modification levels).  

Another observation from the Fig. 6.7 is that EAF100 mastic has shown a low frequency 
dependency of stiffness modulus over the studied frequency range implying that this material 
is more elastic than the unmodified one. With the proportional substitution of asphalt binder 
with epoxy, epoxy mastics have been produced of similar frequency dependency as of EAF100, 
and particularly EAF50 has demonstrated this elastic behaviour. EAF20 is shown a similar 
shape of complex modulus and of phase angle as of EAF0, leading to the conclusion that the 
role of asphalt binder in mastic is more dominant in EAF20. The S-shape of phase angle of 
both EAF50 and EAF100 illustrates the presence of a strongly crosslinked polymeric network 
and the rubbery characteristics of these materials at the whole frequency range. Similar 
response is observed in polymer modified asphalt binders (Lu & Isacsson 1998; Airey 2003; 
Airey et al., 2008).  

Fig. 6.8 shows the master curves of complex modulus (part (i) of Fig. 6.8) and phase angle 
(part (ii) of Fig. 6.8) of EAF20, EAF50 and EAF100 after different time periods of oven-aging 
at 100oC. The influence of aging on the viscoelasticity of epoxy mastics is apparent in Fig. 6.8. 
The complex modulus increases rapidly with the oven-conditioning time. In the case of EAF50 
and EAF100, the phase angle at low frequencies is dropped dramatically from 2 to 5 hrs of 
oven-conditioning at 100oC and generating the S-shape phase angle which indicates the 
strongly crosslinked network in asphalt.  
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(a) 

 

(b) 

Figure 6.7 Master curves of (a) complex modulus and (b) phase angle of studied materials after 
oven-conditioning for 480 hrs at 100oC.  
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(i) 

 

(ii) 

(c) 

Figure 6.8 Master curves of (i) complex modulus and (ii) phase angle of (a) EAF20, (b) 
EAF50, and (c) EAF100 during oven-conditioning for different times.  
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(a) 

 
(b) 

 

Figure 6.9 Composition dependence of (a) stiffness modulus and (b) phase angle at 10 Hz of 
epoxy asphalt mastics over oven-conditioning at 100oC (EAF0: 0 wt% and EAF100: 100 wt%).  
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7 Laboratory Tests on Epoxy 
modified Asphalt Concrete  
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 Introduction  

Epoxy-asphalt binders have captured the interest of road network administrations and 
infrastructure owners as an essential technology for flexible pavements specially designed for 
critical applications, such as airfields (Simpson et al., 1960; Burns 1694; Joseph 1965) and 
orthotropic steel deck bridges (Balala 1969; Touran & Okereke 1991; Gaul 1996; Hulsey et al., 
1999; Hicks et al., 2000; Huang et al., 2003; Gaul et al., 2011; Lu & Bors 2015). As discussed 
in Chapters 2, 3, and 4, the epoxy modification of asphalt binders differs from the conventional 
thermoplastic block copolymers because once the reactive epoxy is fully cured in asphalt, a 
thermosetting system is created with limited possibilities to be re-melted. However, improved 
durability was observed when a reactive binder was blended with asphalt binder offering a new 
binder type with increased oxidative aging resistance, as discussed in Chapter 6.  

In New Zealand (Herrington & Alabaster 2008; Herrington 2010; International Transport 
Forum 2017; Wu et al., 2019), and the United Kingdom (Widyatmoko et al., 2006; Widyatmoko 
& Elliott 2014; Dinnen et al., 2020), the epoxy-asphalt has been used for surfacing (wearing) 
pavement courses for high priority strategic roadways, such as open-graded porous asphalt 
roads. As a continuation of the international effort to assess the applicability of the epoxy-
asphalt as a surfacing material for long-life roadway pavements, the effect of epoxy-asphalt on 
the performance of an asphalt concrete mix is discussed in this chapter. Emphasis will also be 
given on providing insights and recommendations for the large-scale surfacing applications of 
epoxy modified asphalt mixes. Finally, the interlayer bonding characteristics between pavement 
layers have a remarkable influence on the overall performance response during service life. 
Insufficient bonding could raise the risk of various distresses, such as slippage cracking. Thus, 
the potential use of epoxy-asphalt binder as tack coating is also explored by evaluating the 
interface shear strength of two-layer asphalt samples.  

 Epoxy-Asphalt as Surfacing Pavement Material 

 Laboratory experience 

Materials and specimen preparation 

The gradation of asphalt concrete of 8-mm nominal maximum aggregate size (SMA-NL 8B, 
RAW-2015) is given in Table 7.1. This asphalt type, which is designed with 5% air voids and 
6.7% mass binder content, is commonly used as wearing course material in Dutch provincial 
roadways. To lower the cost of the designed epoxy modified asphalt mix, the effect of diluting 
the epoxy-asphalt binder with a neat asphalt binder (70/100 pengrade) was studied. 20 and 40 
wt. % of the binder were substituted by the EAref binder, discussed in Chapter 6. The EAref was 
formulated by blending Part A with Part B. The two parts react together through an irreversible 
curing process, formulating a rubber-like elastomeric binder. By mixing the two parts of EAref, 
the curing process starts, and the viscosity of the binder increases over time up to gel point (see 
Chapter 4). According to the supplier, the typical lab curing process of this elastomeric binder 
is at 120oC for 4-5 hrs or 130oC for 3 hrs in the oven (ChemCo Systems Inc. 2015; 2016a & 
2016b). Note that the strength gain predominantly occurs in several days and is initially 
dependent upon processing variables and later, substrate temperatures in the field.  
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stiffness, reflecting the impact of epoxy on developing surfacing materials of enhanced capacity 
to withstand forces against fracture.  

 

Figure 7.1 Representative force versus displacement curves of studied materials. 

The influence of water on the ITT strength of studied mixes is shown in Fig. 7.2. The results 
presented in this figure were the mean (marker), maximum and minimum of four replicates. 
Without water conditioning, the mean indirect tensile strength of unmodified SMA (i.e., 
ESMA-0) was 1.28 MPa, almost 60% and 40% of the strength of ESMA-20 (2.02 MPa) and 
ESMA-40 (3.21 MPa), respectively (see Fig. 7.2a). Thus, the increase of epoxy proportion in 
asphalt resulted in an increase in material strength, with the ESMA-40 mix having the highest 
capacity to withstand the applied forces. By comparing the retained strength after water 
conditioning, the unmodified (control) mix (i.e., ESMA-0) has demonstrated the lowest water 
sensitivity, as it retained 100% of its original strength after conditioning. ESMA-20 and ESMA-
40 had 95% and 85% water sensitivity fulfilling the requirement (80%) of RAW2015.  

The total dissipated work is shown in Fig. 7.2b. The dissipated work, defined as the total area 
under force-displacement curve, is not part of the standard performance assessment of asphalt 
mixes and can be used as a measure of fracture resistance. The total dissipated work has 
marginally decreased with the 20% (by weight) epoxy addition in the mix (i.e., ESMA-20). 
Nevertheless, when the epoxy proportion in asphalt was increased to 40% by weight (i.e., 
ESMA-40), an increase of total dissipated work was noticed and thus an improvement of the 
fracture resistance of the asphalt mix. From the data presented in Fig. 7.2b, it can be seen that 
wet ESMA-20 and ESMA-40 mixes have shown almost the same wet total dissipated work 
compared with that of dry mixes, indicating that the fracture resistance of mixes remained 
almost unaffected due to water damage. Overall, the use of high proportions of epoxy in asphalt 
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proportional substitution of asphalt binder with epoxy resulted in stiffer mixes with lower phase 
angle, indicating pavement materials with higher elasticity and capacity to resist traffic 
deformations in the field.  

 
(a) 

 
(b) 

Figure 7.3 Frequency dependence of (a) stiffness modulus and (b) phase angle of the studied 
materials determined based on 4PB tests.  

For the 4PB fatigue tests, the 50% reduction of the initial modulus was considered as fatigue 
life criteria. In other words, the fatigue test terminates when the flexural stiffness reaches half 
of its initial value. Three strain level were applied in 4PB beam specimens. Fig. 7.4 
demonstrates the fatigue life at the three different strain levels of the three different studied 
materials designed for surfacing applications. Both ESMA-20 and ESMA-40 have significantly 
higher fatigue resistance than the control mix. According to NEN-EN 12697-24, the 4PB 
fatigue resistance of ESMA-0, ESMA-20 and ESMA-40 was 111, 156 and 159, respectively. 
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Chapter 4). A mixer auger could also reduce the segregation minimizing the need for the paver 
to stop and the continuous feed in the paver hopper could minimize the cold spots.  

In-field trials  

The time between plant production and the start of paving was approximately 90 min. After 
delivering the material, ESMA was held in the truck before paving at 121oC with a standard 
deviation of 4oC. The total time between mixing and finishing of compaction was 
approximately 4 hrs. The compaction was done by a three-wheel static roller (10 metric tons) 
followed by a tandem steel wheel vibratory roller (7.5 metric tons). The mix compaction took 
approximately 30 min, and at the end of the compaction, the temperature was between 65 to 
90°C, under sunny and dry weather conditions. It should be mentioned that a combination of 
rubber tire and steel wheel rollers is optimal for the compaction of dense-graded asphalt mixes 
according to the material supplier. Also, as noticed in (International Transport Forum 2017), 
large-scale mix production resulted in slower curing rates, leading to slower development of 
properties than was measured at lab-scale preliminary studies. This attribute could be explained 
by the fact that the laboratory activities performed under isothermal conditions compared to the 
uncontrolled temperature changes in the field. However, the curing rate was high enough, and 
thus the trial section was opened to traffic on the same afternoon.  

As mentioned earlier, the structural performance of epoxy modified asphalt pavements depends 
not only on the mechanical properties of individual pavement layers but also on the interlayer 
bonding strength between them (Uzan et al., 1978; Romanoschi 1999). Thus, the use of epoxy-
asphalt binder as tack coat to improve the interlayer bonding characteristics of pavements with 
epoxy modified asphalt surfacing layers is discussed in the following sub-section.  

 Epoxy-Asphalt as Tack Coat  

Sufficient interlayer bonding of epoxy modified asphalt pavements will be critical to providing 
monolithic structural behavior. The interlayer shear strength depends on temperature, wetness 
and cleanliness of the surface, and pavement surface type and texture (West et al., 2005). Poor 
bonding could lead to various distresses (e.g., debonding, slippage, and fatigue cracking), 
decreasing thus the lifetime of epoxy modified asphalt pavements.  

To ensure the interlayer bonding pavement characteristics, tack coats are applied by selecting 
the appropriate coat type under specific application rates and methods. Tack coat is a light 
application of asphalt-based emulsion or asphalt binder, which creates a bonding between the 
surface being paved and the wearing course to ensure adequate bonding strength (Canestrari & 
Santagata 2005). Tack coats of pure asphalt binders typically show higher bonding strength 
than emulsified binders. The emulsified binders, which are typically formulated with very soft 
cut asphalt binders, offer ease of handling, reduced energy consumption, and thus they are 
widely used as tack coats (Mohammad et al., 2008). However, these tack coats carry the risk of 
trapping water between pavement layers, particularly in surfaces with lower air void content, 
increasing the possibilities to delamination on a hot sunny day.  

Different pavement surfaces require different application rates to achieve proper interface 
bonding strength (Scholar et al., 2004; Mohammad & Button 2005; Tashman et al., 2006; 



 

Page | 134 

Collop et al., 2009; Raab & Partl 2009; Mohammad et al., 2010; Mohammad et al., 2011; 
Raposeiras et al., 2013). In general, the application rate of tack coat is the amount of liquid 
asphalt sprayed by the distributor, and earlier studies have shown that it does not influence 
dominantly the interlayer bonding characteristics as other factors, such as temperature, texture 
as well as tack coat material. According to (Mohammad et al., 2011), the effect of tack coat 
material and application rate is more dominant in thin pavements. Low application rates of tack 
coat could also yield higher interlayer shear bonding when fine-graded asphalt mixes are 
studied (West et al., 2005). Thus, one of the main challenges related to the application of tack 
coat binders is the choice of the optimum quantity of additives to be applied at the interface to 
achieve an adequate level of interlayer bonding. Excessive tack coat may promote shear 
slippage at the interface. In contrast, insufficient tack coat may cause tensile stresses 
concentrated at the bottom of the surface layer, leading to the significant increase of tensile 
strains and crack generation (Mohammad et al., 2002; Leng et al., 2008 & 2009).  

The interface shear strength of an epoxy modified asphalt concrete with a typical asphalt 
substrate was studied. The objective of the testing program was to quantify the interface shear 
bonding generated by using emulsion- and epoxy-type tack coats. Finally, recommendations on 
utilizing the epoxy-asphalt binder as a tack coat are provided.  

 Laboratory experience  

Materials and specimen preparation  

ESMA-20 was selected as the top layer material and was produced in the same way discussed 
in section 7.2. Hot-mix asphalt concrete with 65% RAP, named AC, was used as bottom layer 
material, and on the top of it, the tack coats were applied. For the compaction of the bottom 
layer, slab specimens were rolling wheel compacted. 500-mm by 500-mm steel moulds were 
used, and layers of 55-mm and 35-mm height were fabricated for AC bottom and ESMA-20 
top materials, respectively. Without prior curing, the top ESMA-20 loose mix was applied and 
compacted on the top of an already compacted, cooled down, and tack coated bottom AC layer.  

Two emulsion-type asphalt tack coats were selected in this study; emu-A and emu-B. These 
emulsion tack coats were heated to 40oC and brush applied on the top of AC with one 
application rate of 0.3 kg/m2, 30 min before laying the ESMA-20. In the EA tack coat, Parts A 
and B were heated to 85 and 150°C, respectively (ChemCo Systems Inc. 2015). A few minutes 
before applying the top ESMA-20, the two parts of the EA tack coat were mixed at the mixing 
ratio A:B = 25:75, directly used on the bottom layer, and spread out evenly. As recommended 
by the material supplier, two application rates were applied on AC bottom layer: 0.45 kg/m2 
and 0.60 kg/m2. To determine the contribution of the various tack coats, a system without tack 
coat (tackless) was produced as well. All samples have been oven-conditioned at 100oC for 5 
hrs to accelerate the curing of tack coat and ESMA materials.  

Table 7.3 shows the test factors of lab-prepared two-layer systems developed for this study. 
Eight replicate samples were prepared and tested for each condition. Overall, the lab-produced 
samples consisted of the top and bottom layers bonded with a tack coat at their interface. Two 
interface shear tests were performed to evaluate the contribution of different tack coats on 
interface shear bonding characteristics of two layers. Samples of 150-mm and 50-mm diameter 
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were cored out of two-layer slabs for shear testing. Details on testing methods and results are 
given in the following sub-section.  

Table 7.3 Test factors for lab-prepared samples.  

Variable Content 
Bottom layer material AC 
Top layer material  ESMA-20 
Tack coat material  EA binder, emu-A, emu-B 
Application rate [kg/m2] 0 (tackless), 0.30 (for emuls. coat), 0.45 & 0.60 (for epoxy coat) 
Wetness condition Dry 
Cleanliness conditions Clean 
Test temperature [oC] 20 
Test displacement rate 
[mm/min] 

50 

 

Interface shear tests  

The shear test apparatus, developed originally by Leutner (Leutner 1979), was used here to 
determine the interlayer shear bonding strength between two pavement layers. Before testing, 
the shear zone of the samples was marked to be able to put them in the right position between 
the shear rings. Samples were conditioned in an insulated climate chamber with dimensions 0.6 
x 0.5 x 0.6 m. Tests were performed on two-layer cylindrical samples of 150-mm diameter and 
under a displacement rate of 50 mm/min at 20oC according to CEN/TC 227 WG2 N 879E. 
According to this norm, there was a gap of 5-mm between the shear rings. The average of two 
external LVDTs, with a range of ± 10-mm, was used to measure the shear velocity and the 
displacement between the shear rings. Five replicate samples were tested for each tack coat.  

Fig. 7.5 shows the representative graphs of shear force versus displacement of the two-layer 
samples bonded with different tack coats. The effect of EA tack coat on bonding the two layers 
is evident for both application rate cases (i.e., 0.45 and 0.60 kg/m2). Layers bonded with the EA 
binder have demonstrated a significantly higher shear strength and a more ductile fracture 
compared to samples bonded with emulsified tack coats.  

According to Fig. 7.6, in where the average shear strength plotted versus displacement, the 
tackless samples showed the lowest average shear strength (0.50 MPa) with the minimum error 
bar, and the samples bonded with emulsified tack coat shown an improvement (emu-A: 0.97 
MPa & emu-B: 0.96 MPa). Therefore, the shear bonding strength values of emulsion-type tack 
coats are of the same order of magnitude, significantly higher than the tackless system with an 
approximately 100% increase of strength.  

The highest average shear bonding strength was obtained using EA tack coat (EA_0.45kg/m2: 
1.76 MPa & EA_0.60kg/m2: 1.82 MPa), which finally did not result in interlayer fracture 
failure. It can be noticed that almost 200% higher shear bonding strength is obtained using EA 
binder than the two-layer systems with an emulsion-type tack coat. The use of epoxy-type 
binder as tack coat improves interlayer bonding for epoxy modified asphalt materials offering 
a potential solution for interfaces with high shear strength and more ductile response. 


























