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1.1 Background 

With 139,000 km of public roads over an area of 42,000 km2, the 
Netherlands has one of the most dense road networks in the world, 
Figure 1.1(a). Among them, more than 90% of Dutch highway network 
is covered with porous asphalt concrete [1], which has been used as 
surface wearing courses since 1987 [2, 3], Figure 1.1(b). This type of 
mixtures forms a permeable composition that consists of a relatively 
high voids content. As a result, porous asphalt provides a significant 
reduction of noise [4-6], reduction of splash and spray in the wet 
weather conditions [7, 8], and improvement in skid resistance, drainage 
and rutting resistance [9, 10]. 

Figure 1.1 Road map of the Netherlands and growth of porous asphalt in the 
Netherlands. 

However, the durability of a porous asphalt is different from a traditional 
dense asphalt concrete. Specifically, the service life of porous asphalt 
concrete is 20-30 % lower than that of dense asphalt concrete [11, 12]. 
The reason is that the high permeable voids in porous asphalt not only 
allow water to drain, but also allow air to flow into the pavement 
structure more easily. Over time, oxygen continues to diffuse into the 
pavement and react with asphalt binder. As a result, it accelerates ageing 
and makes the asphalt binder more brittle, which leads to increased 
pavement distress level [13-15].  

  
(a) Road map of the Netherlands (b) Porous asphalt in the Netherlands 
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Ravelling is the most common distress identified in porous asphalt 
concrete [16-18]. It is defined as the loss of stones from the road surface. 
It occurs either at the interface between the asphalt binder and the 
aggregates (adhesive damage) or within the asphalt binder (cohesive 
damage), Figure 1.2. Due to the loss of the stones, the roughness of the 
pavement increases, thus leading to unsafe driving conditions and high 
levels of noise pollution. The development of ravelling at the road 
surface shortens the service life of a pavement [19, 20]. 

 
Figure 1.2 Ravelling failure modes. 

Ageing of bituminous materials is believed to be a major contributor to 
ravelling of asphalt pavements [21]. Although the amount of bitumen in 
asphalt mixtures is only 5-7% out of all components, it plays an 
important role in ensuring the performance and durability of the 
pavement. The mechanical and chemical properties of bitumen evolve 
with time, since bitumen is an organic substance. Studies have 
demonstrated that ductility and penetration of bitumen reduce, while its 
softening point increase as a result of ageing [22, 23]. Ultimately, the 
viscosity of the bitumen is increased and it becomes a stiffer material. 
This may cause the mixture to become excessively hard and brittle, and 
consequently more susceptible to cracking at low temperature [24]. In 
addition, ageing may also cause the mixture to become less durable in 
terms of wear resistance, moisture susceptibility and fatigue life [25, 26]. 

A deeper understanding of the ageing mechanisms in the Netherlands is 
crucial to deal with ageing infrastructure and the growing pressure on 
and lack of natural resources. The use of porous asphalt incurs the 



Chapter 1 

-4- 

additional costs because of the shorter service life and the more 
expensive maintenance required. According to the results in many 
countries, the maintenance costs for porous asphalt (from cleaning the 
clogged pores to replacement of those layers) are considered higher than 
for the conventional asphalt [27-29]. On the other hand, the Dutch road 
engineering community has made significant efforts in recycling of 
pavements after the end of their service life. Currently, 90% of the 
asphalt is demolished and used in new asphalt pavement. The very 
success of recycling in this sector also poses questions towards the 
future because we are rapidly approaching a situation where recycled 
materials will be recycled a second or third time. Ideally, it would be 
nice to keep recycling asphalt concrete indefinitely, but this should be 
done without loss of functionality or environmental risks. 

The Ministry of Transport, Public Works and Water Management 
(RWS) in the Netherlands is facing a growing challenge in maintaining 
public roads. Therefore, a project named Ageing: the road towards 
perpetual recycling was carried out from the summer of 2014, in 
cooperation with Netherlands Organisation for Applied Scientific 
Research (TNO) and Delft University of Technology (TUD). This 
project aims to identify the ageing processes on a fundamental level and 
apply that knowledge to develop perpetual recycling approaches. The 
route of this project towards the understanding of the ageing phenomena 
is organized in different hierarchical levels, which focus on different 
length scales of porous asphalt, Figure 1.3. 
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Figure 1.3 Schematic of the hierarchical approach in project. 

This thesis mainly focuses on bitumen scale, referred to as Level I in 
Figure 1.3. A good understanding of the fundamental ageing 
mechanisms at the bitumen scale can provide useful information to 
further understand ageing at mastic, mixture and pavement scales, as 
illustrated in Figure 1.3.  

 

1.2 Bituminous materials ageing mechanism 

The process of ageing includes different mechanisms, such as physical 
hardening, loss of volatile components, and oxidation [30]. Physical 
hardening changes the rheological properties of bitumen due to a change 
in the orientation of molecules, Figure 1.4(a). This process is reversible 
because it alters the physical properties of bitumen without changing its 
chemical composition [31, 32]. Evaporation causes the loss of volatile 
components of bitumen [33, 34], Figure 1.4(b). This mechanism is also 
considered as one ageing mechanism, although the current penetration 
grade bitumen types are relatively not volatile. Oxidation is the principal 
process of ageing mechanisms, which represents an irreversible 
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