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1. INTRODUCTION 
Bituminous mixes are widely used in the 
construction industry mainly for the transportation 
infrastructure and are non-inductive materials. 
However, when inductive steel particles (i.e., steel 
fibers, steel slag, etc.) are added they become 
suitable for electro-magnetic induction (Garcia et 
al.; 2009, Liu et al., 2012; Apostolidis et al., 
2016a). These materials can be heated locally 
under a time-variable magnetic field. Particularly, 
the magnetic field induces eddy currents in 
particles within the bituminous matrix - according 
to Faraday’s law - and they are heated up based on 
the principles of Joule’s law. The generated heat in 
the particles increases the temperature and through 
the temperature rise the viscosity of the bituminous 
part of the mix is being reduced, the micro-cracks 
are closing and eventually mechanical properties 
are recovered. However, the addition of inductive 
particles into conventional paving materials 
substantially increases the total weight of plant-
produced bituminous mixes, thus resulting in 
higher production and transportation costs in the 
manufacturing chain of inductive pavements. 
Moreover, the environmental conditions that the 
pavement is exposed to during its service life result 
in corrosion of the steel fibers and therefore the 
long-term performance of inductive bituminous 
mixes is adversely affected. The corrosion and 
weight issues in fiber modified bituminous mixes 
are described in detail in the next sub-sections. 
 

2. CORROSION BEHAVIOUR IN INDUCTIVE 
BITUMINOUS MIXES 

The main component of ordinary carbon steel 
fibers is iron (Fe) which is very susceptible to 
corrosion. Iron in bituminous pavements comes in 
contact with water and oxygen, resulting in the 
ordinary red/brown rust (Bardal, 2014). The 
resulting rust can be seen in Figure 1 which is from 
ongoing research that takes place at Delft 
University of Technology (Apostolidis et al., 
2016b). More irregular types of corrosion - e.g. 
black rust - are not considered in this paper for 
simplicity and because they are less likely to occur 
in pavements. 
 

 
Figure 1. Corroded steel fibers in bituminous concrete 

samples 
 

The corrosion of steel fibers in bituminous mixes 
can be interpreted as many small differential 
aeration cells. Water drops (moisture in general) 
which are in contact with steel fiber exhibit an 
oxygen concentration gradient. The oxygen 
concentration is high close to the outer exposed 
surface of the water drop because the supply of 
oxygen is easy, whereas oxygen concentration is 
lower inside the water drop because the supply of 
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oxygen is harder. This oxygen concentration 
gradient produces a cathodic and an anodic site 
where reduction and oxidation take place 
respectively; reduction of oxygen occurs close to 
the exposed water drop surface (cathode), while 
oxidation of iron takes place inside the water drop 
(anode). The electrons move from the anodic 
(oxidation) region to the cathodic (reduction) 
region via the metal. Equation 1 and Equation 2 
describe the anodic and cathode reactions that take 
place (Brown et al., 2014). 
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The reduction of oxygen consumes protons 
existing in the water drop. Therefore, by 
considering the autoionization of water under Le 
Chatelier’s principle, the chemical equilibrium of 
the autoionization reaction will shift to the right. 
This equilibrium shift creates an environment rich 
in hydroxide anions. The dissolved iron cation 
reacts with the hydroxide anion to form iron(II) 
hydroxide. The iron(II) hydroxide further reacts 
with the environment where the iron is once again 
oxidized and hydrated iron(III) oxide is formed. 
The latter is the reddish-brownish solid that is 
often referred to as rust. This process is described 
in Equation 3, Equation 4 and Equation 5. The 
entire corrosion process is visualized in Figure 2. 
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Figure 2. Corrosion process of steel fibers 

 
When it comes to corrosion concerns, aluminum 
could be initially considered as a bad candidate 
since according to thermodynamics it is a very 
reactive metal with low corrosion resistance 

(Hatch, 1984). As a comparison, the standard 
reduction potential of iron versus the standard 
hydrogen electrode is -0.447 V, whereas the 
standard reduction potential of aluminum versus 
the standard hydrogen electrode is -1.676 V 
(Haynes 2016). However, when a freshly created 
aluminum surface is exposed to the atmosphere a 
thin oxide “skin” is formed. The oxide layer, which 
is only a few nanometers thick, is of greater 
importance in many applications as it protects the 
underlying metal from further oxidation. This self-
protecting characteristic gives aluminum its 
surprisingly high resistance to corrosion (Davis, 
1999). The aluminum can be under passivation in 
pH ranging from 4.0 to 8.5 according to the 
Pourbaix diagram in Figure 3 (Pourbaix 1966). 
This pH range ensures the thermodynamic stability 
of the protective oxide layer. Rigorous studies of 
pavement runoff and highway drainage waters 
suggest that there is a small variation in the pH 
values with an average value of ~7.4 (Harrison and 
Wilson 1985; Sansalone et al. 1996). Even when 
the quality of road runoff at a highly trafficked 
road was monitored for 2 years, the pH only 
exhibited a small range between 6.2 and 8.3 with a 
median and mean value of 7.5 (Helmreich et al. 
2010). Furthermore, extensive studies of the 
rainwater pH (Rao et al. 2017; Uchiyama et al. 
2017) suggest that the pavement will not be 
exposed to pH outside the passive region of 
aluminum as a consequence of future rainfalls. 
 

 
Figure 3. Pourbaix diagram for aluminum 

 
The different behavior of steel and aluminum 
fibers with respect to corrosion - assuming 
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conditions typical for a pavement - can be 
summarized in Figure 4. 
 

 
 

Figure 4. Steel versus aluminum fiber corrosion 
behavior 

 
3. WEIGHT OF INDUCTIVE BITUMINOUS 

MIXES 
When it comes to using steel fibers in inductive 
bituminous mixes and asphalt concrete, corrosion 
is not the only issue. A major complaint of the 
industry is the additional weight that is introduced 
with the addition of steel fibers. The hot mix 
asphalt (HMA) is typically transported from the 
plant to the construction site by trucks. The 
transportation of the HMA is governed by 2 
limiting factors; the volume capacity of the truck 
and the weight capacity of the truck. Throughout 
the years the truck design has been optimized so 
that when a truck is fully loaded then it can safely 
carry the weight but without much margin left. 
However, this is true for ordinary mixes that 
consist of mineral particles, binder and air voids 
with typical densities of dmp = 2700 kg/m3, dbin = 
1020 kg/m3 and dair = 0 kg/m3 respectively. The 
situation changes when steel fibers are added with 
typical density dsf = 7800 kg/ m3 = 2.89dmp = 
7.65dbin (ASM International 1990a). As a result, 
the trucks hit their weight limit before fully loaded. 
This is translated to inefficiency, additional 
transportation trips, additional costs and further 
project delays. Moreover, the increase in the 
number of trips transporting HMA from the plant 
to the site introduces extra project risk since it 
increases the chance that the trucks with HMA will 
face more traffic and delays than accounted for. 

To provide a better illustration of the issue, a 
cubic meter of a hypothetical HMA is examined 
with volume fraction for mineral particles Vmp = 
86%, volume fraction for binder Vbin = 8% and 
volume fraction of air voids Vair = 6%. By using 
the typical density values stated earlier in this 
paper the total mass of the cubic meter of HMA 

Mtot = 2403.6 kg can be calculated. The phase 
diagram for the hypothetical asphalt concrete is 
presented in Figure 5. Then we consider that the 
same HMA basis contains steel fibers and the 
volume fraction of steel fibers is Vsf = 2.5%. The 
updated volume fractions for mineral particles, 
binder and air voids are Vmp = 83.85%, Vbin = 
7.8% and Vair = 5.85% respectively. By using the 
typical densities stated previously in this paper the 
total mass of the cubic meter of HMA with steel 
fibers Mtot,sf = 2538.51 kg can be calculated. This 
results in a mass increase of 5.62% compared to 
HMA without steel fibers. The phase diagram for 
the hypothetical asphalt concrete with steel fibers 
is presented in Figure 6. If we consider the fibers 
to be aluminum, then the updated volume fractions 
for mineral particles, binder, aluminum fibers and 
air voids are Vmp = 83.85%, Vbin = 7.8%, Vsf = 
2.5% and Vair = 5.85% respectively. Using a 
typical density daf = 2700 kg/ m3 for aluminum 
fibers (ASM International 1990b) and the typical 
densities stated earlier in this paper for the other 
components, the total mass of the cubic meter of 
HMA with aluminum fibers Mtot,af = 2411.01 kg 
can be calculated. This value is 5.29% lower than 
HMA with steel fibers and a mere 0.31% higher 
than the HMA without any fibers. The phase 
diagram for the hypothetical asphalt concrete with 
aluminum fibers is presented in Figure 7. 
 

Figure 5. Phase diagram for HMA 

Figure 6. Phase diagram for HMA with steel fibers 
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Figure 7. Phase diagram for HMA with aluminum 
fibers 

4. CONCLUSIONS & RECOMMENDATIONS 
In this paper we suggested the use of aluminum 
fibers in inductive bituminous mixes instead of 
steel fibers. We examined the corrosion 
mechanisms and the aluminum fibers can be 
viewed as a superior choice to steel fibers. 
Moreover, we presented an example that 
demonstrates the weight increase of HMA when 
steel fibers are added and how this can be avoided 
with aluminum fibers. We suggest further research, 
both modeling and experimental, to demonstrate 
that aluminum fibers can be used as an alternative 
to steel fibers for induction heating of bituminous 
mixes, and perhaps even achieve induction heating 
with higher efficiency. 
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