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 1 

ABSTRACT 2 
Awareness increases that natural, financial and energy resources are scarce goods. Thus, there is a 3 

growing demand not only for high quality but also for efficient infrastructure. Efficiency, in this 4 

case, aims for optimization of cost and energy consumption over the complete life cycle of a 5 

construction. The objective is to build long lasting infrastructure with low maintenance demands 6 

and high recycling potential after having reached the end of its service-life. For bituminous bound 7 

materials, aging of asphalt binder has a crucial impact on the durability and recyclability. Since 8 

asphalt binder is of organic nature, thermal and oxidative aging by chemical and structural changes 9 

occurs when producing and laying asphalt mixes, as well as over its service-life. Increasing 10 

stiffness and brittleness of the binder makes the pavement more prone to thermal and fatigue 11 

cracking. An interdisciplinary research project works towards a better understanding of the 12 

physico-chemical fundamentals of asphalt binder aging, as well as on the impact of binder aging 13 

on the mechanical properties of asphalt binder and asphalt mixes. By extensive chemical and 14 

mechanical analyses, a new model has been developed to explain aging on the physico-chemical 15 

level, as well as on the mechanical level to explain aging comprehensively. Aging can be 16 

determined mathematically by micro-mechanical modeling. With the presented model at hand, 17 

changes in asphalt binder due to aging (increasing brittleness and stiffness) can be explained.  18 

 19 

 20 

Keywords: asphalt binder aging, asphalt mix, mechanical modeling, laboratory aging of asphalt 21 

mix, chemical analysis 22 

  23 
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INTRODUCTION 1 

 2 

Motivation 3 
Efficiency of road infrastructure today does not only include optimized structural performance in 4 

terms of resistance to fatigue, rutting and low-temperature cracking, but also in terms of cost and 5 

energy consumption. Long-lasting pavement structures should minimize cost and energy 6 

consumption throughout their in-service life. In addition high recyclability is another objective to 7 

ensure that high value asphalt mix layers can be re-used after the end of their in-service life by 8 

recycling in new pavements. These considerations are reflected by the legal framework, e.g. the 9 

European Waste Framework Directive (WFD, 2008/98/EG) (1). It follows a waste management 10 

hierarchy: prevent, recycle, recover, and dispose. 11 

The asphalt binder has an essential impact on the increasing susceptibility of asphalt mix layers to 12 

cracking. Increasing brittleness and stiffness make flexible pavements more prone to 13 

low-temperature and fatigue-induced cracking which decreases the life-span significantly. For this 14 

reason, aging resistant binders account for higher durability and thus cost and energy efficient 15 

pavements. In addition, aging of asphalt binder and the related changes in its characteristics limit 16 

the recyclability of asphalt mixes (2, 3) .  17 

 18 

Objectives 19 
Binder aging plays an important role regarding improved cost- and energy efficiency of road 20 

pavements. Thus, within the on-going research project "Oekophalt - Physico-chemical 21 

fundamentals on asphalt binder aging for efficient recycling of asphalt mixtures" an 22 

interdisciplinary team works towards the following objectives:  23 

 Understanding reasons and processes of asphalt binder aging on physico-chemical and 24 

mechanical level (4-11) 25 

 Impact of asphalt binder aging on the mechanical behavior of asphalt mixes 26 

 Expanding the assessment of aging resistance of binders 27 

 Developing improved laboratory aging methods for asphalt mix testing to reflect 28 

field-ageing more accurately. 29 

This project was designed to bridge the gap between fundamental and applied sciences. A joint 30 

taskforce of researchers from applied material science, material chemistry, and mechanical 31 

modeling was formed to tackle these questions. 32 

The interdisciplinary nature of the co-operating researchers enabled the formulation of a new, 33 

holistic understanding of asphalt binder aging, based on the conjuncture of the three fundamentally 34 

different perspectives of physico-chemical analysis, micro-mechanical modeling, and mechanical 35 

material characterization. Comprehensive analysis of asphalt binder and asphalt mix aging in the 36 

field and in the lab has been carried out. Specimen were obtained from a number of test sites on the 37 

public road network, which were chosen to reflect a range of aging (between 3 and 24 years) and in 38 

different states of performance. Additionally, a test field was constructed in September 2012 to 39 

monitor field aging of unmodified and SBS-modified binder and asphalt mixes in close detail (12). 40 

This paper focuses on one outcome of the project: a micro-physical and micro-mechanical model 41 

of asphalt binder to describe aging and effects of aging on the mechanical behavior of asphalt 42 

binder.  43 

 44 

 45 

 46 
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POTENTIALS AND SOURCES FOR ASPHALT BINDER AGING 1 
Determining cause and effect for asphalt binder aging has been the starting point for numerous 2 

research studies (e.g. (13)). However, the question was included into the presented project to close 3 

some gaps and illustrate the physico-chemical fundamentals related to asphalt binder aging. It is 4 

important to understand existing potentials and vulnerabilities of asphalt binders regarding aging. 5 

As asphalt binder was conclusively shown to be an inhomogeneous material, the micro-structure 6 

of the material has to be considered one of those potential factors.  7 

A detailed fractionation of different asphalt binder samples according to their polarity was carried 8 

out. The basic for fractionation is ASTM D4124 (14), but in contrary to the standard the samples 9 

were separated into more fractions, as shown in FIGURE 1. More than 20 different fractions were 10 

analyzed by different spectroscopic and microscopic means. The results were the basis for a 11 

revised model of the micro-structure and thus binder aging, which is presented later on in this 12 

paper.  13 

 14 

 15 
 16 

FIGURE 1  Binder fractionation in terms of polarity (15). 17 

Short-term aging (STA) of asphalt binder is well documented and described in literature. STA 18 

occurs during mixing and compaction of asphalt pavements and within the next several hours 19 

thereafter, while the material is cooling down and expressing its micro-structure. It is possible to 20 

distinguish two basic effects of the harsh manufacturing conditions: a) Thermal aging is 21 

characterized by thermal decomposition of meta-stable molecules and evaporation of volatile 22 

components and b) Oxidative aging by oxidation of susceptible molecules (13). Both are promoted 23 
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by the elevated temperatures and the high specific surface provided during mixing and laying. 1 

Additionally, synergetic effects of both processes have to be considered as molecules fragmented 2 

by oxidation may well be prone to evaporation. Long-term aging (LTA), however, occurs while the 3 

pavement layer is in-service under climate and traffic loading and is far less understood. Although 4 

studies addressing LTA exist, research works are fragmented and much scientific discussion is 5 

going on in the community. 6 

Considerations on atmospheric chemistry to isolate reactants available in the field serve as a 7 

natural starting point, when determining which external factors could have an impact on LTA (16). 8 

Studies usually state that atmospheric oxygen and UV radiation are main sources for aging. It has 9 

to be noted that aging due to UV does occur but is limited to the upper few micrometers of the 10 

binder. Also, atmospheric oxygen is not the only available oxidant and possibly only responsible 11 

for a part of field aging. Other reactive gases like nitric oxides and especially ozone are available 12 

as well, because exhaust gases promote their formulation. Concentrations of these gases (some 13 

ppbs) are clearly below the level of atmospheric oxygen but the oxidation potential is significantly 14 

higher than the potential of relatively inactive oxygen - at least at temperatures occurring in the 15 

field (< +65°C/150°F). The oxidizing gases mentioned above can explain aging in upper layers 16 

close to the surface. Water soluble oxidants, like HNO3, H2SO4 or H2O2 can penetrate even deeper 17 

into a pavement structure. Again, the concentration may be low but once the substances have 18 

penetrated the structure, they may stay there for a considerable time and thus, work promote aging 19 

far more severe than their direct impact might infer. An overview of proposed aging sources and 20 

their significance for different pavement layers is provided in FIGURE 2. 21 

 22 

 23 

 24 
 25 

FIGURE 2  Available oxidants for aging of asphalt binder and asphalt mixes (15). 26 

MICROPHYSICAL MODEL FOR ASPHALT BINDER AGING  27 
Different ideas on the structural composition of asphalt binder exist. A widely accepted idea is the 28 

micelle model (17). Basic idea of this model is that asphalt binder is a dispersion of non- or lowly 29 

soluble molecules (micelles) within a matrix phase. However, the model is not to be confused with 30 

the classical micelle method, which assumes the existence of high weight asphaltenes, which were 31 

consecutively proven to be wrong (18). Different studies (19-26) provide arguments for the 32 

micelle model and the fractionation analysis gave further evidence that highly polar asphaltenes 33 

are dispersed within a lowly polar matrix (maltene phase) of aromatics and saturates. To create a 34 

working dispersion, the highly polar asphaltenes have to be surrounded by a shell with a 35 
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continuous polarity gradient to avoid phase separation processes. This state is shown in in the right 1 

diagram in FIGURE 3 as the green line for the unaged asphalt binder. Whereas the lowly polar 2 

maltene phase is inactive in terms of oxidation, the oxidation potential increases with increasing 3 

polarity. Since the highly polar asphaltene core is surrounded by a shell, the reactive oxidant 4 

species (ROS) interact with the shell primarily, leading to the formation of a reaction area rich in 5 

polar constituents (orange line). This effect can be healed by self-association processes leading to 6 

the diffusion of high-polar material into the micelle core, isolating it from the apolar matrix and 7 

leading to the reformation of an intact, if slightly reduced, shell (blue line). With increasing aging, 8 

the process of oxidation leads to the disintegration of the shell, eventually reaching the core after 9 

all. This state is shown in the right diagram in FIGURE 3 as the red dotted line. Due to increasing 10 

oxidation of the shell, its polarity increases as well. This leads to a loss of compatibility between 11 

micelles and matrix due to the rising gap in polarity. This gap in polarity can be seen as a 12 

predetermined breaking point at the interface of shell and matrix. Macroscopic and mechanical 13 

testing correlates these effects to brittleness with progressing aging processes. 14 

 15 

 16 
 17 

FIGURE 3  Reactive oxidant species (ROS) interacting with asphalt binder (left) and microphysical model of 18 
binder aging (right). 19 

 20 

MICROMECHANICAL MODEL OF ASPHALT BINDER AND ITS AGING 21 
Based on the physico-chemical analysis of asphalt binder and the microphysical model presented 22 

in the section above, another objective of the research was to establish a micromechanical model 23 

of asphalt binder to analyze the impact of the microstructure on the macroscopic mechanical 24 

behavior of asphalt binder and impacts of aging on microstructure and mechanical behavior.  25 

For this, the following steps were taken: 26 

 An unmodified binder PG 58-22 was fractionated according to ASTM D 4121-01 (14) into 27 

the maltene and asphaltene phase. Precipitated blends of maltenes and asphaltenes with 28 

different well-defined asphaltene concentrations were produced. 29 

 Atomic force microscopy (AFM) was carried out on the virgin binder, the maltene phase 30 

and the precipitated blend with the same asphaltene concentration as the virgin binder to 31 

verify that the microstructure is re-established after blending of maltenes and asphaltenes. 32 

 Creep-recovery (CR) tests were carried out at different temperatures on the virgin binder 33 

and the precipitated blends to study the impact of maltene and asphaltene on the overall 34 

mechanical behavior. 35 

 A micromechanical model was established according to results of physico-chemical and 36 

mechanical analysis of the samples. 37 

 The same binder was aged using RTFOT and PAV to simulate long-term aging. The aged 38 

samples were again fractionated into the maltene and asphaltene phase, precipitated blends 39 



Hofko, Handle, Eberhardsteiner, Hospodka, Füssl, Grothe, Blab 

 

were produced. CR tests were run and analyzed to study the impact of aging on 1 

microstructure and mechanical behavior.  2 

To study the impact of both major fractions of asphalt binder, the maltene phase and the 3 

asphaltenes on the mechanical behavior, an unmodified binder PG 58-22 with an asphaltene 4 

concentration of 7.79 vol% according to (14) was separated into the n-heptane soluble maltene 5 

phase and the n-heptane non-soluble asphaltene phase based on the procedure proposed by ASTM 6 

D 4121-01 (14). After extraction, n-heptane was evaporated from the maltene phase and both, 7 

asphaltenes and maltenes were dissolved in toluene and blended to samples with different 8 

well-defined asphaltene concentrations in the blend. By evaporating the toluene, asphaltenes were 9 

re-dispersed in the maltene phase and thus, precipitated blends were produced.  10 

To investigate whether the precipitated blends produce a similar microstructure as the virgin 11 

binder, AFM was carried out on the virgin binder, the pure maltene phase and the precipitated 12 

blend with comparable asphaltene concentration (7.77 vol.%) (27). Topographical images of all 13 

three samples are shown in FIGURE 4. The left image shows the virgin samples. The characteristic 14 

“bee” structure or cantana phase is clearly visible. The second picture from the left shows the 15 

extracted maltene phase with no asphaltenes present in the sample. No cantana phase can be 16 

visualized, whereas on the right image, the bee structure is re-established in the precipitated blend. 17 

The AFM images provide strong evidence that the procedure of creating precipitated blends result 18 

in a similar microstructure as the virgin binder sample. Since the cantana phase is not visible in the 19 

pure maltene phase, this can also be taken as evidence that the inclusions are related with the 20 

presence of asphaltenes in the material.  21 

 22 

 23 
 24 

FIGURE 4  AFM images of virgin asphalt binder (left), extracted maltene phase (middle) and precipitated 25 
blend (right). 26 

Creep-recovery (CR) tests were carried out on a dynamic shear rheometer (DSR) to obtain the 27 

material behavior. While a constant torque M is applied for 1800 s on an asphalt binder film 28 

(diameter d = 25 mm, height h = 1 mm), the deflection φ(t) is measured. From τ = 2M/π·r³ and 29 

γ = r·φ(t)/π, the creep compliance 30 

 
exp

( )
( )

t
J t




   (1) 31 

can be obtained. These tests were run at temperatures in a range from -5°C to +15°C. The full 32 

experimental program is given in TABLE 1. 33 

 34 

 35 
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TABLE 1  Test program for creep-recovery (CR) tests on precipitated blends. 1 

Asphaltene 

concentration 
Test temperature 

 -5°C +5°C +15°C 

0 vol.% ●/○ ●/○ ●/○ 

4.18 vol.% ●/○ ●/○ ●/○ 

7.77 vol.% ○ ●/○ ○ 

12.32 vol.%  ● ● 

17.36 vol.% ○ ●/○ ○ 

26.71 vol.%  ●  

● … tests on unaged binder, ○ … tests on RTFOT+PAV aged binder 2 

 3 

FIGURE 5 shows the results of CR tests on unaged and lab-aged precipitated blends with varying 4 

asphaltene concentration at +5°C. Three replicates were run for each material. While increasing 5 

asphaltene concentration causes a decrease in creep compliance and hence stiffer material 6 

behavior, the creep rate dJ/dt decreases with increasing asphaltene concentration until almost 7 

elastic behavior is reached at an asphaltene concentration of 17.36 vol.%. Adding only low 8 

amounts of asphaltenes (4.18 vol.%) to the maltene phase leads to a strong increase in stiffness 9 

(compare blue and green lines in FIGURE 5): The creep compliance at 1800 s is at a mean value of 10 

90 1/MPa for the pure maltene phase and drops to a mean value of 20 1/MPa for the blend with 11 

4.18 vol.% of asphaltenes, which indicates an increase in stiffness by the factor of 4.5. This shows 12 

that by adding asphaltenes, a structure in asphalt binder is introduced that strongly affects the 13 

mechanical behavior, similar to precipitation hardening used in metal hardening. Another key 14 

finding is that aged and unaged samples with the same asphaltene concentration show no 15 

significant differences in their creep curves. This in turn means that the material behavior of 16 

maltenes and asphaltenes are not affected by aging. Thus, the detected increase in the asphaltene 17 

concentration from 7.79 vol.% (unaged) to 13.36 vol.% (RTFOT+PAV aged) – also mentioned 18 

amongst others in (17, 19, 28) – appears to be the only, or at least the most important consequence 19 

of aging on the microstructure of asphalt binder.  20 

 21 

 22 

FIGURE 5  Results from CR tests on unaged and RTFOT+PAV aged precipitated blends at +5°C. Creep 23 
compliance is shown in linear scale (left) and in logarithmic scale (right) for a better representation of creep 24 
curves with high asphaltene concentration. 25 

Based on the physico-chemical and microscopic analysis of the binder, a concept of the 26 

microstructure of asphalt binder is proposed in FIGURE 6 (left) consisting of a continuous matrix 27 

of maltenes with asphaltene inclusions. A structural concept of the representative volume element 28 

(RVE) for micromechanical modeling is shown in FIGURE 6 (right). An RVE of asphalt binder 29 
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has a continuous matrix of maltenes with spherical asphaltene inclusions. The network-like 1 

structure of shells around the asphaltenes is represented by an interaction phase appearing as 2 

needles with arbitrary orientation. 3 

 4 

 5 

FIGURE 6  Microstructural model (left) and micromechanical representation (right). 6 

With the micromechanical model (FIGURE 6), the viscoelastic behavior of the asphalt binder can 7 

be predicted, considering the aging-induced change of the material response due to increasing 8 

asphaltene concentration. For this, the identification of the model input parameters is a crucial 9 

task. The material properties of the maltene phase can be characterized directly by CR tests. The 10 

material behavior of asphaltenes, however, can be assessed indirectly by back-calculating from 11 

CR test results of precipitated blends. Likewise, the volume fraction of the interaction phase can be 12 

obtained. As outlined in (29), the power-law model, used to describe the mechanical behavior of 13 

asphalt binder and its constituents, is able to describe the experimentally obtained viscoelastic 14 

response very well. This implies a physically relevant form of Equation 2 according to (30), 15 

reading 16 

 mod 0( ) J

k

a

t
J t J



 
   

 
  (2) 17 

To identify the parameters J0;malt, Ja;malt and kmalt of the maltene phase, the error between 18 

experimentally obtained creep compliances Jexp from CR identification tests and predicted creep 19 

compliances Jmod is minimized through non-linear least square fitting. The obtained power-law 20 

parameters for the maltene phase at -5 °C, +5 °C and +15 °C are given in Table 2 describing almost 21 

perfect fits. 22 

TABLE 2  Power-law parameters for maltene phase at -5°C, +5°C and +15°C. 23 

 -5°C +5°C +15°C 

J0,malt [1/MPa] 0.0980 0.2652 2.433 

Ja,malt [1/MPa] 0.0076 0.0766 1.205 

kmalt [-] 0.8124 0.9386 1.027 

R
2 

0.99 0.99 0.99 

 24 

As discussed above, power-law parameters of asphaltenes and the interaction phase are 25 

back-calculated from experimental results of precipitated blends with an asphaltene concentration 26 

of 4.18 vol.% at a temperature of +5 °C using the coefficient of determination R² as an indicator for 27 

the degree of accordance. Thereby it was determined that the parameters J0;aspha, Ja;aspha and kaspha – 28 

applicable for asphaltenes as well as for the interaction phase – lie within a range, where their 29 

influence on the predicted material response can be considered insignificantly (31). 30 

Polarity

Asphaltenes

Resins , Aromatics, 

Saturates

Interaction between Resin shells

Microstructural Model Micromechanical Model
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Since the needle-shaped interaction phase describes the structural influence of the asphaltene 1 

micelle network, its volume fraction fip is directly related to the asphaltene concentration. Similar 2 

to the power-law parameters, the volume fraction of the interaction phase fip is determined on a 3 

best-fit basis also employing R² to evaluate the degree of accordance. When correlating asphaltene 4 

and back-calculated needle content, an exponential relation can be found for (realistic) asphaltene 5 

concentrations up to 17.36 vol.% (see FIGURE 7). This is typical for e.g. molecular agglomeration 6 

processes in nature. 7 
 8 

 9 

FIGURE 7  Exponential relation between asphaltene and needle content (representing the interaction between 10 
micelle mantles). 11 

With all input parameters available, model predictions are compared to experimental results from 12 

aged precipitated blends with asphaltene concentrations of 4.18 vol.%, 7.77 vol.%, 12.32 vol.% 13 

and 17.36 vol.% in FIGURE 8. Besides the known volume fraction of the asphaltenes, the content 14 

of the interaction phase was the only parameter varied. 15 

 16 

 17 

FIGURE 8  Comparison of experimental results and micomechanical model predictions for precipitated blends 18 
at +5 C. Creep compliance is shown in linear scale (left) and in logarithmic scale (right) for a better 19 
representation of creep curves with high asphaltene content. 20 

To validate the proposed model CR tests were run not only on precipitated blends but also on 21 

original asphalt binders, including unaged, STA (RTFOT) and LTA (RTFOT+PAV) unmodified 22 

PG 58-22 samples with known asphaltene concentrations. The results can be seen in FIGURE 9. 23 
 24 
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 1 

FIGURE 9  Comparison of experimental results and micromechanical model predictions for unaged, RTFOT- 2 
and RTFOT+PAV-aged asphalt binder PG 58-22. 3 

The experimental results were related to model predictions taking the actual asphaltene 4 

concentrations into account. As can be seen in FIGURE 9, predictions of long-term aging (13.36 5 

vol.% asphaltene concentration) fit experimental results very well. As described earlier, the binder 6 

samples have to be heated for the identification of the asphaltene concentration through n-heptane 7 

extraction. As the asphaltene concentration (n-heptane non-soluble phase) is strongly affected by 8 

heating due to aging, its determination is a challenging task. Especially for unaged and short-term 9 

aged samples, which are more susceptible to aging effects than already long-term aged samples, 10 

the reliable specification of the amount of asphaltenes is difficult. However, model predictions 11 

considering a realistic asphaltene concentration for unaged and short-term aged samples between 4 12 

vol.% and 9 vol.% cover experimental results very well. 13 

 14 

SUMMARY AND CONCLUSIONS 15 

 16 
By interdisciplinary research into fundamentals of asphalt binder aging on physico-chemical and 17 

mechanical level, a microphysical and micromechanical model on binder aging was developed. 18 

The following conclusions can be drawn: 19 

 Long-time (oxidative) aging of asphalt binder in the field may not only be triggered by 20 

atmospheric oxygen but also by other reactive gases like nitric oxides and ozone. These 21 

gases are available in much smaller concentrations but have a significantly higher 22 

oxidation potential than atmospheric oxygen at temperatures occurring in the field 23 

(< +65°C/150°F). Water soluble oxidants, like HNO3, H2SO4 or H2O2 can penetrate into 24 

binder and base layers and promote aging in these layers. 25 

 A microphysical model on asphalt binder aging based on the idea of the micelle model 26 

explains long-term aging by oxidation through changes in the polarity distribution within 27 

matrix, mantle and micelle. An increasing gap in polarity due to oxidation may explain the 28 

macroscopic effect of increasing brittleness associated with binder aging. 29 

 It was shown by AFM that precipitated blends produced from fractionated maltenes and 30 

asphaltenes exhibit a microstructural similar to the original asphalt binder. The presence of 31 

asphaltenes seems to be responsible for the formation of the "bee" structure or cantana 32 

phase.  33 

 Mechanical analysis of precipitated blends with different concentrations of asphaltenes 34 

showed that by adding asphaltenes to the maltene phase, a network-like structure in the 35 
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asphalt binder is introduced. This strongly affects the mechanical behavior in terms of 1 

increasing stiffness.  2 

 Comparative mechanical analysis of precipitated blends from unaged and long-term aged 3 

(RTFOT+PAV) samples indicate that the increase in asphaltene concentration with aging 4 

is the only or at least the most important consequence of aging on the mechanical behavior 5 

in terms of increasing stiffness.  6 

 A micromechanical model explaining the macroscopic, mechanical binder behavior based 7 

on the behavior of maltene phase and asphaltenes was established. The mechanical 8 

behavior of unaged, short-term and long-term aged asphalt binders can be predicted by 9 

employing the model.  10 
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