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Outline

1. What is the hot in-place recycling of 

asphalt?

2. When does the asphalt concrete fail?

3. How does it age?

4. How does the change of mineral filler

alter the aging and recyclability? 

– physicochemical interaction
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The hot in-place recycling of asphalt
depends on initial material composition

12.6.2018

4



The asphalt
that failed
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(Article I)



Hypotheses
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How does the
asphalt age?



Oxidation and rejuvenation
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+
Mean average molecular mass (Ma) grows

Agglomeration or oligomerization?

(Article IV)



In-situ observations of the oxidation reaction
and explanation of step-wise changes

R1-CH2-S-R-CH3  R1-CH2* + S-R-CH3

R2-CH3 + *S-R-CH3  R-CH2* + CH3-R-SH

R2-CH2* + R2-CH2*  R2-CH2-CH2-R
2

2RSH + O2  RSSR +H2O2

4RSH + O2  2RSSR + H2O

RH + H2O2  ROOH + ROH + RO

R’-S-R’’ + ROOH  R’SOR’’ + ROH

RSOR + ROO-
 RSO2R + RO-
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Block this (e.g. Adsorption on Cu)Article III



How does the change of 
filler alter the aging and 
recyclability?
- the chemical interaction



NaCl precipitates between pyrrhotite layers (iron rich
minerals), while CaCl2 can react with iron oxides

CaCl2 + 2H2O = Ca(OH)2 + 2HCl 

CO2 from exhausts

Ca(OH)2 + CO2 = CaCO3 + H2O

Limestone filler

CaCO3 + 2HCl = CaCl2 + H2O + CO2

Iron oxide rich filler

Fe2O3 + 6HCl  2FeCl3 + 3H2O
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Mineral Fillers in weak HCl
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Spectrogram of the change in Transmittance spectra of a bitumen during 
exposure to air at 163°C measured by ATR-FT-IR as compared to the 
spectra at previous time step.
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+No 

inorganic

phase

+CaCl2

+FeCl3

Article III



How does the change of 
filler alter the aging and 
recyclability?
- the physical interaction



In two compared systems, the presence of 
iron oxide should inflict free volume collapse
 increasing stiffness
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The volume of filler has an effect on the diffusion
rates between fresh admixture and RAP

Fick’s first law of diffusion

𝑞𝑥 = −𝐷𝐴
𝑑𝐶

𝑑𝑥

𝐷𝑥 = 𝐷0𝑒𝑥𝑝 −
𝐸𝑎_𝑑𝑖𝑓

𝑅𝑇𝑥

𝜂0 = 𝐵𝑒𝑥𝑝
𝐸𝑎_𝑓𝑙𝑜𝑤

𝑅𝑇𝑥
Stokes-Einstein equation was already

explored by Karlsson and Isacsson (2002) 

𝐷𝑥 =
𝑘𝐵𝑇𝑥

6𝜋𝑟

1

𝜂𝑥
=

𝑅𝑇𝑥

6𝜋𝑟𝑁𝐴

1

𝜂𝑥

𝐷𝑥 = 𝐷0
𝐵

𝜂0𝑥
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VF=50%

SA1=0,5SA2

(Rejuvenator)

dx

A



The activation energy of flow and shape change
related B parameter correlate well to phase angle, 
which is related to increase in the molecular size
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y = -1,6263x + 242,27
R² = 0,9462

y = -1,4302x + 225,27
R² = 0,8969
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How to improve
recyclability of 
asphalt in Finland?



Summary of the findings
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Suggestions
1. Choose a mineral filler which

1. does not interact with deicers

2. allows for grain separation at process
temperatures

3. does not hinder diffusion

2. Choose your rejuvenators and process

temperatures in line with the properties

of the binder

3. Set the targets of rejuvenation and the

end-of-life criterion based on phase

angle (viscous flow)
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Thank you
Þakka þér fyrir!
tak skal du have!
Takk skal du ha!
Kiitos!        Tack!



Activation energy of flow and B can be calculated
from Zero Shear Viscosity
 no need to study diffusion coefficient through
aged binder
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ln 𝜂0 = ln𝐵 +
𝐸𝑎_𝑓𝑙𝑜𝑤

𝑅𝑇



The activation energy of flow and shape change
related B parameter correlate well to phase angle, 
which is related to increase in the molecular size
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What if the contact area (A) between binders is 
halved due to the presence of mineral filler?

𝑞1(𝑇1) = −𝐷0𝐴1𝐵1𝑒𝑥𝑝 −
𝐸𝑎

𝑅𝑇1

𝑑𝐶

𝑑𝑥1

𝑞2(𝑇1) = −𝐷0𝐴2𝐵1𝑒𝑥𝑝 −
𝐸𝑎

𝑅𝑇1

𝑑𝐶

𝑑𝑥2

𝑞1 = 4𝑞2
What is the temperature at which the

two fluxes are equal?

𝑙𝑛
𝐴1

𝐴2

Δ𝑥2

Δ𝑥1
=

𝐸𝑎

𝑅

1

𝑇1
−

1

𝑇2
(The result in line with INCREASE IN THE SOFTENING 

POINT for limestone filler. )
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