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CC75 – filler class of 75%wt. calcium carbonate content
CO – carbonyl region in infrared spectra
CO2 – carbon dioxide
Cu – copper
DCM – dichloromethylene
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HIR’13 – the hot in-place maintenance executed in 2013 on HW1
HW1 – Highway no. 1 in Finland
IDZ – Insufficient Ductility Zone
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KF – limestone filler (LS), abbreviation originating from article II
KK – mineral filler composed of granite, used in article I and II
LS – limestone filler (abbrev. used in article I)
NaCl – sodium chloride
NAT – natural fillers, denoting mineral fillers (abrev. used in article II)
MM – man-made fillers, denoting fly ash containing fillers (abrev. used

in article II)
O2 – oxygen
PAV – Pressure Aging Vessel
PmB – Polymer-modified bitumen
Project  – Pavement Life Cycle Research Program, Recycling and

Rejuvenation Project
R1, R2, R3, R4 – bitumen specimen prepared in Nynas Oy laboratories, the code

indicate the samples are Rejuvenated from specimens A1, A2, A3
and A4
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REMIX – A type of hot in-place recycling technique used in Finland,

during which ca. 20-25 kg/m2 of fresh admixture is mixed with the
heated and scarified asphalt pavement, often with addition of
rejuvenator

REP – fines passing 0.125 mm sieve consistent with composition
designed for Ring Road II
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RTFO – Rolling Thin Film Oven
SARA  – the separation technique determining the content of four

fractions in the bitumen, namely Saturates, Aromatics, Resins and
Asphaltenes
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XRD – X-Ray Diffraction
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List of Symbols

%VBF – percent free bitumen (concept explained in article II)
R&B – Increase in Ring and Ball Softening Point, a.k.a. delta R&B
0 – amplitude of shear strain

δi – Hildebrand solubility parameter
– phase angle

* – the complex viscosity
0 – zero shear viscosity, ZSV

– is the angle of incidence of light during measurements via FT-IR
ATR,
– is the wavelength of incident light during measurements via FT-
IR ATR,

0 – amplitude of shear stress [Pa]
a – is the weight percent of aged bitumen in final blend
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A – area
Abs – absorbance
b – is the weight percent of the virgin bitumen from the admixture,
B – a constant specific for a bitumen, related to phase angle
c – is the weight percent of the rejuvenator in the final blend after

recycling
C – concentration [mol/m3]
d – is the percent of penetration drop during the heating stage of the

HIR process
D – diffusion coefficient
D0 – the maximum diffusion coefficient,
dp – the depth of penetration of wave into the material during

measurements via FT-IR ATR
E – cohesive energy within a liquid or solid is a summary of three

energies
ED – component of E coming from dispersion interactions, which is

due to attraction forces between molecules
EH – component of E coming from hydrogen bonding
EP – component of E coming from permanent dipole-permanent

dipole interaction
Ea_dif – activation energy of diffusion,
Ea_flow – activation energy of flow,
FETCH – etchable iron content, defined in article II
G’ – storage modulus
G’’ – loss modulus
G* – complex modulus
Iaging – aging index
kB – Boltzman constant
LOI – Loss on Ignition
n21 – the refractive index ratio between sample and the prism during

measurements via FT-IR ATR
Penbefore – Penetration of the aged bitumen before the HIR process,
Penaddmix  – Penetration of the virgin bitumen from the admixture,
Penrej – Penetration of the soft bitumen used as rejuvenator,
qx – diffusion flux [mol/s]
r – radius of diffusing particles
R – the gas constant (8.3145 J⋅mol 1⋅K 1)
R0 – the center point of solubility sphere
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SA – surface area
T – temperature
VF – volume of filler in mastic
Vmol – the molar volume
x – the length of the diffusion path [m]
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1. The structure of the summary

The preparation of this dissertation began in 2012. Before that time (2010-

2012), a consortium of Finnish asphalt contractors, the Aalto University and the

Finnish Road Administration had been negotiating a funding opportunity with

the Finnish Funding Agency for Innovation (TEKES). The aim of that action was

to improve the performance and life cycle of asphalt concrete pavements. A

series of preparative activities took place in order to strengthen the research
proposal. It included the statistical data collection regarding recycling works, as

well as a small project at Aalto University funded by the Finnish Road

Administration, focusing on a forensic analysis of the fast distress formation

and pavement failures on Ring Road II. The latter lead to the publication of

article I.

In the end, the TEKES funding was not awarded. Eventually, my funding was

obtained from both the Finnish Road Administration in the project titled

“Pavement Life Cycle Research Program, Recycling and Rejuvenation”, which

will be later referred to as the “Project”, as well as from the scholarship of the

Dean of the School of Engineering at Aalto University.

This article compilation summary presents a discussion relevant to the five
articles, which can be divided into two different categories of research. Two of

the articles (I and V) are closely related to the case studies and actual field

performance, while articles II, III and IV are based strictly on the research

executed in the laboratory. This summary allowed me to tie the results from

material characterization activities to the performance of the structures, which

is an overall aim of the material science. However, some of the material analysis

results, which tie the laboratory investigations with the case studies, have not

been published in the listed articles, either due to the page limitations or due to

irrelevance to the main topic of the article. Due to the vital nature of this

information, I have decided to supplement this synthesis of my research with

these previously unpublished results.
Because of the specific relationship between the articles, I have decided to

construct the summary following the style of such scientific publishers as

Nature journal. In this style, after the problem is described, the results and

discussion are presented first, followed then by the conclusions, while the
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methodology and supplementary information are described at the end or

provided in an appendix for readers interested in technical aspects. The articles

chosen for this dissertation provided a detailed description of the problems and

theoretical background. Therefore, the reader is advised to read the articles first
before the summary itself, which intends to provide the context, rather than to

repeat the information from the existing publications.
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2. Problem description and limitations
of the study

Asphalt concrete (AC) is a composite comprising of the organic and inorganic

phase. The most characteristic component of asphalt concrete (AC) is bitumen,

the  product  of  the  distillation  of  crude  oil,  defined  as  a  solution  of  organic

molecules fully soluble in toluene. The reason behind the deterioration of

pavements is the ageing of bitumen, which is a result of a chemical reaction

between the organic molecules and oxygen from air (Petersen, 2001).

Inevitably, in service the bitumen remains in contact with the inorganic

components in AC, namely the mineral aggregate selected in the mix design

stage and deicing chemicals accumulating over the years due to the road

maintenance operations.

The work presented here discusses the physicochemical influence of the
inorganic phase on the aging and performance of asphalt pavements in Finland.

The subject emerged because of the observed trouble with the recycling and

maintenance of the wearing course of Ring Road II (article I). Owing to the novel

forensic methodology presented in article I, it became possible to identify the

discrepancies between the materials used in the mix design stage and in the final

product.  Identification  of  this  problem  led  to  the  formulation  of  multiple

hypotheses discussed below.

The physical interaction between the phases in AC relates to the volumetric

properties of the resulting composite. Depending on the mineralogical

composition of the inorganic phase, such physical properties as density, surface

area and porosity, are varying. The volume of grains suspended in the organic
medium will depend on the mineralogical composition of the inorganic phase.

One of the aspects I investigated was the influence of the physicochemical

interaction in AC related to the self-assembly of bitumen molecules into the

multilayers over certain minerals, namely iron oxides (Marczewski & Szymula ,

2002).   This  summary  provides  discussion  in  respect  of  the  influence  of  this

physicochemical aspect on the grain separation during recycling and the

hindrance of rejuvenation.

However, the construction materials considered in this dissertation are

utilized in such a specific climatic location as Finland, which poses additional

challenges for the material characterization and performance. During the AC
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lifetime, the action of inorganic chloride salts used as deicing chemicals leads to

their accumulation in the pores of aggregates, as mentioned above.

Deicing chemicals also have potential to react with the aggregate during the

lifetime of the pavement, creating other inorganic compounds, which were not
originally present in the starting material (Vestola, et al., 2006). The summary

of this dissertation provides insight into the aspect of chloride accumulation in

the field, suggesting that the correlation between chloride content and iron

content in the recovered mineral filler was the strongest.

The bitumen oxidation reaction occurs via catalysis in the presence of the

chlorides of some of the transition metals, of which iron (III) chloride had the

strongest effect (Quddus , et al., 1995). However, other common minerals

influence the reaction as well (Petersen, et al., 1974).

The aging of the AC is not only the result of the paving activities and

interaction with oxygen from the air during service but within the life-cycle it is

also a result of reheating activities performed on the material during recycling
works. Again, the Finnish road network presents an interesting case study,

where the majority of the high traffic volume road network has been recycled

once, part of it twice and a number of the triple recycled pavements is

substantially growing (Rantanen & Suikki, 2009) (Suikki & Spoof, 2017). The

effect that the multiple recycling has on the performance of the pavements is a

subject that was not widely discussed in the available literature prior to date.  In

order to establish the effect of the inorganic phase on the aging of bitumen

during the multiple recycling, one needs to establish the interaction between the

bitumen and oxygen in the absence of an aggregate. That is why article IV

comprised the studies of multiple aging and rejuvenation of bitumen in the

absence of inorganic phase.
The majority of the recycling of high volume roads in Finland takes place in-

situ in a process known as the hot in-place recycling (HIR), which was calculated

to be the most CO2 saving method (Miliutenko, et al., 2013). During HIR a 100%

of aged asphalt is reused in-situ, and because of that, the method falls into the

very high RAP content application. As calculated per final mixture composition,

only ca. 20% of additional material needs transportation to the construction

site, which makes it the most energy and the CO2 saving method of asphalt reuse

when in comparison with reuse in the unbound layers or the in-plant recycling

(Miliutenko, et al., 2013). For example, the reuse of asphalt in the Norwegian

road network is realized by the reuse of the majority of the Recycled Asphalt

Pavements (RAP) in the unbound layers of the pavements, which was calculated
to be the least CO2 saving method of recycling (Miliutenko, et al., 2013).

Although the two countries share similar climate environment, they do not

share the same practices and guidelines regarding the reuse of asphalt.

However, as there is a worldwide pressure to increase the recycling of AC due to
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the shortage of  crude oil  and reduction of  CO2 emissions, I envision that the

research presented in this dissertation will serve as an input into future the

decision making in the countries of similar climate and natural resources.

Additionally,  the  definition  of  AC  eligible  for  recycling  is  also  very  much
dependent on the country of origin of the pavement. Finnish main criterion for

maintenance and resurfacing of the high volume trafficked pavements is defined

as a critical rut depth, typically a result of the abrasion by studded tires. This is

also the main performance criterion used in the evaluation of the road.

Not only are the studded tires not required in many European states, they are

often prohibited from use (discussed in article V). The performance of the

pavement also depends on its resistance to thermal cracking which is achieved

by the use of the very soft types of unmodified bitumen, compared with those

used in central and southern Europe, for example. The polymer modification of

the bitumen is also much more prevalent in the other parts of the world,

especially the United States of America, but is not required or encouraged in
Finland. As a result, the AC material recycled (RAP) in Finland is of a different

composition than the RAP in other parts of the world. That is why, for example,

the developed performance targets, such as the Insufficient Ductility Zone (IDZ)

proposed in the article V, are country specific. Article V demonstrated that

generally defined parameters, e.g. Glover-Rowe parameter, require

optimization of the numerical value in order to correspond to the geographical

conditions encountered locally and specifics of the industrial processes applied

to the material.

Moreover, prior to the beginning of this project, the discussion about the effect

of deicing chemicals on the aging properties of bitumen seemed absent in the

literature. However, Yu et al. (Yu, et al., 2013) indicated a weak influence of
sodium chloride on the aging of bitumen in the context of marine floods in the

coastal areas. Recently the use of sodium chloride as part of mastic in the form

of deicing modifier has become an interesting subject. The possibility of a

decreased transfer of chlorides from the pavement surface into the environment

attracts attention. It could result in the lower pollution of water, soil, vegetation,

and reduced corrosion of steel structures in the pavement (Peng, et al., 2016),

(Vestola, et al., 2006). On the other hand, Alatyppö et al. (Alatyppö & Valtonen,

2007) investigated and demonstrated a surprising detrimental effect of specific

deicing chemicals, such as acetates and formates, on the properties of bitumen

upon deicer retention in the AC.

Nevertheless, as explained in detail in Section 9, within Arctic Circle region,
the use of calcium chloride brines is preferred due to their effectiveness at lower

temperatures when compared to the typical sodium chloride brines. What is

more, calcium chloride was demonstrated previously to inflict stronger

corrosion on steel structures in the road vicinity (Vestola, et al., 2006) due to
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the increased ability of formation of hydrochloric acid molecules upon

hydrolysis (Section 9). During the experimental investigations presented in

article I and II, I observed the formation of iron (III) chloride, a known catalyst

of bitumen oxidation, upon contact between hydrochloric acid with mineral
fillers.

Fig. 1 The schematic representation of pavement's life cycle in the context of the process of
the hot in-place recycling of asphalt surfaces in cold climate. HIR1 marks the beginning of
each cycle of service. HIR2 relates to the exposure of the pavement to environment and
maintenance activities. HIR3 is the time when the pavement deterioration meets the trigger
for recycling. HIR4 is the period of reheating, followed by scarifying while hot, the addition of
admixture and rejuvenator (HIR5), and ended by cooling during compaction (HIR6), which
then completes the cycle.

Parallel to the research executed for the purpose of this dissertation, the
aspect of the multiple recycling of asphalt concrete emerged in the professional

literature as a subject for exploration (Avila, et al., 2013) (Zhang, et al., 2016)

(Hugener & Kawakami, 2017), indicating an increasing level of interest in the

subject.

Due to the specific history of maintenance activities in Finland (Makowska &

Pellinen, 2015), the multiple recycling of bitumen is, in fact, a reality. However,

the use of a very soft bitumen of penetration grade 650/900 as a rejuvenator is

a specific practice. The rejuvenator, or an anti-aging agent, is typically defined

as the low viscosity liquid designed to enrich the maltene phase of an aged

bitumen (Gawel, et al., 1 May 2016) (Zaumanis, et al., 2014) (Zhang, et al., 2016)

(Hugener & Kawakami, 2017). The material combinations studied in article IV
are characteristic of the Finnish situation because 650/900 additionally to the

maltenes also contains asphaltenes at low concentration. Technically the

process of its addition to the aged asphalt concrete should be called multigrade
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blending, but for historical reasons of use of such nomenclature in the Finnish

industry, the word “rejuvenator” is chosen for 650/900 in this dissertation.

Table 1 Questions regarding the hot in-place recycling process addressed in the author’s work
and under the author’s supervision

Life
cycle
stage
(from
Fig. 1)

Questions significant for that stage Adressed
below in:

Adressed
elsewhere:

HIR1. What are the properties of bitumen in the wearing
course assuring adequate performance?

Which material characteristics and process
parameters are important to improve recyclability of
the asphalt concrete, especially during HIR?

Article I
Article V

Article II,
Article III
Article IV
Summary

Makowska et
al., 2017
Makowska et
al., 2015

HIR2. Are chlorides accumulating in the wearing course?
Does the magnitude of accumulation depend on the
material composition?

Summary
Article II

HIR3. Is bitumen deterioration affected by the presence of
chlorides? (detailed questions in Summary, Fig. 2)

Is multiple recycling affecting the bitumen
properties?

Article III

Article IV

HIR4. Is the heating of bitumen over chlorides,
accumulated in the pavement during the
environmental exposure, a risk factor for recycling?

What is the influence of mastic composition for
proper grain separation?

What is the influence of mastic composition on the
heat flux and mixture temperature?

What is the minimal temperature assuring maximal
rejuvenation with regard to mastic composition?

Summary
Article III

Article II

Summary

Makowska et
al. 2017

HIR5. How to optimize the amount of rejuvenator and
admixture to assure the desired properties of
bitumen?

Is the achieved temperature sufficient for blending
between fresh and aged bitumen?

Article IV
Article V

Summary

Makowska et
al. 2017
Makowska et
al. 2015

HIR6. Is the mastic composition affecting compaction –
mixture workability?

What is the effect of air voids on the mechanical
properties and abrasion?

What is the effective time for rejuvenation to occur in
HIR process?

Article II

Article I

Summary

Makowska et
al., 2015
Makowska et
al., 2017

Makowska et
al., 2017
(Ahmed,
2016)

Nevertheless, I trust that the basic research presented in this work contributes

to the science by means of demonstrating the methodologies necessary to

establish similar interactions between the inorganic and organic components of

the AC composed of other subcomponents.
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2.1 The scope and aim of the work

The overall scope of the work was to understand the physicochemical influence

of the inorganic phase in asphalt concrete on the aging and performance of

asphalt pavements in the context of multiple recycling in cold climate.

The research Project associated with this work about the material properties

and process control of the HIR of asphalt concrete in Finland provided the

platform for exploring this general aim and formulating more specific goals and

hypotheses for the work.   The aim of the Project was to study in depth HIR of

asphalt concrete in the context of material properties and process control. The

hereby-presented dissertation focuses on material parameters relative to the life

cycle of asphalt concrete during HIR as presented in Fig. 1. Significant questions
raised and addressed in the articles and the summary are organized and

presented in Table 1. This recycling process is preferred in Finland due to

multiple reasons explored in detail in Section 8, as well as in (Makowska &

Pellinen, 2015). The problems related to the hot in-place recycling and material

properties can be divided into three subcategories: physical interaction between

the filler and the bitumen, chemical interaction between filler and bitumen, and

the effect of multiple recycling and rejuvenation on the properties of bitumen.

This dissertation emphasises some of the specific issues concerning the

recycling of asphalt pavements in cold climate linked to the environmental

factors, especially the necessity to use deicing chemicals during winter
maintenance activities (Stage HIR2., see Figure 1) and their interaction with

asphalt concrete.  Additional problem specific for Finland is related to the

multiple recycling (three and more times) of site-worn asphalt concrete at levels

above 70% - a procedure uncommon elsewhere. Both the interaction of asphalt

concrete with deicers and its behavior in recycling process were linked to the

differences in mineral filler composition.

Specific hypotheses were formulated as a result of the forensic analysis of Ring

Road II wearing course and they are listed in Section 3.1.

The summary below presents a proof that not only the chlorides accumulate

in the asphalt wearing course during exposure to deicers, but also that the effect

is related to iron content in the mineral filler. The article III explores the
potential effects of such an accumulation with a novel methodology. Utilizing

the fundamental findings from the study on the oxidative aging, the

experimental design demonstrates the principle to mitigate the negative effect

of the catalyst (Figure 2).

The novelty of the research conducted in relation to the multiple recycling of

bitumen and asphalt concrete was not only related to the applied techniques,

but also to the novelty of the raised questions, especially about the end-of-life

criterion.  Even tough the material combination is local, the procedure and
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experimental design, as presented in Figure 3 and article IV, could prove to be

useful for researchers worldwide.

Fig. 2 Questions addressed in article III regarding the influence of chlorides on the oxidative
aging of bitumen and recycling

Fig. 3 Visualisation of the questions related to the multiple recycling of bitumen addressed in
article IV and complimented with field findings presented in article V

2.2 The deliverables of the dissertation

As shown in Figure 1 the problem is very complex and requires a vast amount

of multidisciplinary research. This dissertation and the Project it was part of
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were unable to answer all of the questions raised (Table 1) with regard to the

HIR process beyond a reasonable doubt.

Nevertheless, this dissertation advances engineering practice and provides

scientific tools, which allow practitioners to determine how to:

 choose the mineral filler to limit the chloride accumulation and potential

for the catalytic oxidation of bitumen during recycling;

 choose the mineral filler to allow for a maximum rejuvenation during

the recycling works;

 establish the minimum temperature allowing for rejuvenation and

binder blending;

 define the target properties of bitumen, which will lower the risk of

raveling and thermal cracking;

 evaluate the bitumen-rejuvenator combinations in the context of
multiple recycling.

2.3  The definitions and limitations of the study

The definition of the organic phase in this thesis aligns with the definition of
bitumen. However, in the analysis of AC samples collected from the field, the

recovery of the binder, typically also referred to as bitumen, occurs via

extraction. According to the sample processing procedures used in Finland, the

dichloromethane (DCM) is preferred as an extraction solvent.  Therefore in this

work, the recovered bitumen or organic phase of the AC, is defined as that

soluble in DCM. I observed that part of the mineral filler, e.g. unburnt carbon

in fly ashes,  transfers into the organic phase during that process (article II:

Figure 9) and effectively becomes a component of the analyzed binder, which

may affect elastic response of binder.

The inorganic compounds are defined for the purpose of this thesis as

materials composed of anions and cations, while the carbon-hydrogen bond is
absent in their structure. In AC the aggregates, comprising both coarse rock

fractions and fine fillers, are typically considered the only inorganic component.

The deicing chemicals can be understood as one of the inorganic phases

accumulating in the structure of the pavement. A good review of the use of

deicers (sodium chloride, calcium chloride and acetates) and their influence on

bonding between the aggregate and bitumen was studied by Anastasio

(Anastasio, 2015) and is not discussed in this work.

The other understanding of the inorganic phase in the system bitumen-

aggregate-environment could be related to the composition of the gas, which the
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pavement is exposed to during the preparation and performance, e.g. carbon

dioxide (CO2), nitrogen, ozone, nitrous oxide. This research does not discuss the

effect of different gases on the aging of bitumen, but the readers are encouraged

to investigate other works related to that subject (Steiner, et al., 2015). As
regards this work, the influence on aging and performance of AC of toluene

insoluble organic compounds, such as cellulose fibers, was not investigated.

Finally, in terms of limitations related to the bitumen, the research conducted

and hereby presented focuses on the properties of the non-modified bitumens.

The influence of the polymer modification on the discussed aspects is therefore

not explored herein. Moreover, this work focuses on the aspects of chemical

aging and omits the subject of the physical hardening of bitumen. The article III

discusses in detail aspects related to the chemical or oxidative aging of bitumen.

Lastly, I would like to acknowledge the limitations of the performance

evaluation due to the length of the project. The longest period during which I

studied a road personally, was three and a half year. That is a relatively short
period in comparison to the desired life cycle length for the pavements.

However, that time was sufficient to identify the properties of the material not

capable to perform within similar period, thus, giving me a chance to establish

the minimum requirements for a good pavement performance in Finland.

In terms of definitions used in this dissertation, in asphalt concrete industry

the word “reinforcement” is used in the context of the addition of cellulose or

polymer fibers into the mixture (Abtahi, et al., 2010), or use of crack preventive

grids in between the layers of asphalt concrete within the structure. However,

according to the most general definition, reinforcement is an incorporation of

certain materials with some desired properties within other material, which

lacks those properties (Abtahi, et al., 2010). Such definition is applicable not
only to fibers added to asphalt concrete, or grids to the structure of asphalt

concrete road, but also to:

- aggregates mixed with bitumens to form the asphalt concrete (macro
scale),

- mineral filler mixed with bitumen to form a mastic (mezzo scale),

- polymer modification of bitumen (micro scale) (Larsen, et al., 2009),

- large molecular compounds formed in the course of aging dispersed in

bitumen (nanoscale), or the nanoagglomerates of asphaltenes in

maltenes (McKenna, et al., 2013).

In all of the considered systems it is due to such reinforcement that the

stiffening occurs in the resulting composite, hence, the use of the word in the
multiple contexts in this summary.

The term “rejuvenation” in this work means blending of the aged bitumen with

softer fluid in order to obtain a binder of rheological characteristics comparable

to the original bitumen. However, a rejuvenator in the experimental part of this
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work is a soft bitumen, typically of penetration grade 650/900. As a result of the

research conducted in the Project, I suggested that soft bitumen viscosity grade

V1500 could be considered as a possible replacement of 650/900 in the future

and Ahmed (2016) studied it in this context.
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3. Beyond the state-of-the-art

Article I describes a case study of a prematurely failed asphalt pavement located

on Ring Road II in the Metropolitan Area of Helsinki (Figure 4). The distresses
such as potholes, cracking and raveling started to emerge early during the

pavement’s performance. The most problematic road sections were

rehabilitated 5, 6, and 7 years from the original wearing course laydown by using

in-situ HIR technique. Multiple attempts of surface rehabilitation, where

between 16 and 19 kg/m2 of fresh Stone Mastic Asphalt (SMA16) (Finnish

Pavement Technology Advisory Council, 2000) were added, unfortunately

turned out to beinsufficient to restore the good performance.

The problems identified during the forensic analysis of core samples

indicated the too high level of air voids content (5-8%) in comparison to the ones

assumed in the design (2-5%). The analysis of the extracted and recovered

binder indicated that from the rheological point of view the bitumen was stiffer
than the binders typically recovered from pavements of similar age in Finland.

The generic fractions analysis indicated that during the field aging of bitumen

some surprising chemical changes occurred in the binder. The cumulative

content of asphaltenes and resins in some recovered binders accounted for 98%

of the total binder. Similar reports were not found in literature describing

laboratory-aged binders analyzed by the thin-layer chromatography technique.

However, such results had been reported previously for natural asphalts such as

Gilsonite  (Nciri,  et  al.,  2014)  and  asphalts  air  blown  over  iron  (III)  chloride

(FeCl3) as a catalyst (Quddus , et al., 1995).

3.1 A novel forensic methodology to study mineral filler used in
asphalt concrete

The reason behind the failure was proposed in article I that suggested that it

originated in the change of the asphalt concrete subcomponent, namely the

mineral filler, between the stages of mix design and construction.

The novel analytical methodology to determine the composition of filler

used in the hot-mix asphalt, proposed in article I, allowed us to detect that the

limestone filler mentioned in the mix design documentation (REP) had been
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substituted during the production with an industrial product comprising of a

mixture (EXP) of limestone (KF or LS) and fly ash (FA) filler.

Fig. 4. A schematic representation of the forensic methodology applied to the samples collected

from the Ring Road II.

In contemporary Finnish Asphalt Specifications (FASpec) (Finnish

Pavement Technology Advisory Council, 2000) such filler mixture was

approved as limestone filler of class CC75. Only the Loss on Ignition

measurements (LOI) of FA were required in quality control reports by FASpec.

Even tough chloride content of FA is typically a parameter for interest for other
industries (e.g. cement production), it is not required in asphalt production

(Zhu, et al., 2008) (Finnish Pavement Technology Advisory Council, 2000).

One of the explanations for the observed exceptionally high asphaltene and

resin content may stem from the transfer of organic component of fly ash into

the extracted binder (Section 2.1.)

Nevertheless, stemming from these findings, four hypotheses described

below were developed for further investigation.

1. An addition of FA, which typically has higher surface area and lower
density, and thus higher volume at the same mass, could have
increased the stiffness of the asphalt concrete mastic, leading to
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problems with compaction and reheating during recycling (explored in
article II).

2. Because of the fact that fly ashes typically contain high levels of heavy
metals and some chlorides, it is proposed that heavy metal chlorides
could be responsible for a catalytic effect on the aging of bitumen, both
in service and during reheating at recycling (explored in article III).

3. During the test for solubility in hydrochloric acid (HCl), an observation
was made that FeCl3 forms from filler particles when in interaction
with HCl. The magnitude of the interaction was tied to the
mineralogical composition of the tested filler particles. Due to the
interaction of de-icing chemicals such as CaCl2 with the environment,
HCl is released and has the potential to interact with aggregates. If the
chlorides accumulate in the wearing course during the service life in
form of heavy metal chlorides, pronounced aging can happen during
the reheating stage in HIR maintenance (in line with hypothesis 2).
(Explored in the article V, with additional data provided in the this
summary.)

4. Because of the fact, that the statistical data available in the literature at
the time suggested pronounced deterioration of roads repetitively
treated with hot in-place recycling, noticeable aging could be a result of
multiple recycling. I was not known previously whether the
rejuvenation was hindered in the consecutive cycles of reuse due to the
deterioration of bitumen properties. (Explored in article IV and V and
herein).

A second test road was chosen, namely Highway no. 1 (see Section 10.2 and
10.3), to investigate the hypotheses based on the field experience,
complementary to the designed laboratory experiments.

3.2 Mastic stiffening in relation to the etchable iron

Article II focuses on exploring hypothesis 1. The group of seven fillers passing

0.125 mm sieve at three concentrations in mastic were tested in order to

establish the increase in the Softening Point (also known as R&B). A novel

model was proposed, incorporating the mineralogy of the filler, its volumetric

properties, and surface area.

According to the literature on the behavior of asphaltenes, which have a

tendency to precipitate in steel pipes during crude oil pumping (Abdallah &

Taylor, 2007) and adsorb in multilayers on iron oxide rich sands (Marczewski

& Szymula , 2002), a hypothesis was put forward that the iron oxide present on

the surface of the grains of the filler would cause an increased adsorption of

asphaltenes. Such self-assembly could result in a collapse of the free volume and
increased stiffening (Figure 5).

The exceptionally good prediction capabilities were in fact proven when the

content of iron, extracted from the filler particles according to the procedure

discussed in article II, was, indeed, the so-called etchable iron (FETCH). The

FETCH relates the soluble iron oxide content to the ratio of the filler and

bitumen in the mastic.
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Fig. 5. A schematic representation of the effect that the multilayer adsorption on specific mineral

sites may have on the collapse of the volume of the free bitumen (%VBF) in the resulting mastic

and its stiffness ( R&B), in the case of equal volume of filler and bitumen in the mastic.

Using the results from article II, it could be concluded that, indeed, the change

of  the  filler  from  REP  at  the  volumetric  concentration  of  39%  to  EXP  at  the

volumetric concentration of 45% resulted in 10°C increase in R&B.

As regards other roads evaluated in the Project, the use of pure FA fillers was

identified ( (Makowska & Pellinen, 2015), article V). As we can see in the results

of article II, a change from the good performing limestone filler to pure fly ash
could result in the increase of the mastic stiffening point by 14.9-19.3°C (article

II: Table 7). In fact, in the samples collected before HIR maintenance from

Highway no. 1 in 2013, the volumetric content of fillers in the mastics were ca.

48.4, 48.3, 48.4 and 51.9%, for the Sites 1, 2, 3 and 4, respectively.

This magnitude of increase of  19.3°C of the softening point can be perceived

as an analogy to an exchange of bitumen penetration of 160/220 (used on the

low volume roads in the northern climate environment) to 20/30 (used in

Central Europe, potentially not well performing in the low temperature

environments).

When we think about the performance of fresh asphalt concrete, such increase

in the Softening Point of mastic due to the change of filler material assures
higher stiffness of asphalt, which gives higher resistance to permanent

deformation. However, when we consider recycling and especially HIR type

maintenance, we may expect significant difficulties during reheating,

scarification and rejuvenation.  In the example described in article V, over 26

km of a pavement were treated with HIR in a continuous process. The RAPHIR

within that stretch had a varying mastic composition ranging from pure

limestone to pure FA. It was the pure FA areas that caused heating and

scarification problems. Additionally, the core samples collected from the pure

FA area had the highest air voids content.
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Mirza and Witczak (Mirza & Witczak, 1995) developed the Global Aging

System to predict the aging of bitumen in asphalt concrete. However, their

model recognized that there is a difference between original straight run

bitumen and the so-called t0 bitumen, which is extracted from mix after contact
with the aggregate or after mixing and laydown. The data used as an input into

their model was obtained by extracting and recovering the bitumen from aged

pavements. They suggested that the best approach to determine t0 viscosity is to

obtain the viscosity values of bitumen after the contact with the aggregate.

Various researchers (Petersen, et al., 1974) (Brown, et al., 1996) (Moraes &

Bahia, 2015) (Plancher, et al., 1977) studied the effect of different minerals on

the aging of bitumen. In each case, the problem associated with such

investigations lies in the retention of bitumen in the inorganic phase, and in

some cases, in the transfer of inorganic particles into the bitumen during the

separation.

In order to establish the influence of fines on the long-term aging of bitumen,
I performed a modified Rolling Thin Film Oven (RTFO) aging on the mastics

investigated in article II. The bitumen both from the unaged and aged systems,

was extracted and its rheology was compared to the original bitumen and a

blank (which went through the short RTFO and extraction) (Makowska &

Pellinen, 2016). I used the same procedure of extraction (solvent to bitumen

mass ratio and time of extraction) just as is practiced in the industrial quality

control laboratories. The initial observation was that the diffusion of solvent was

hindered in a stiffer mastic resulting in the increased retention of bitumen in

fines. I have obtained a range of recovered bitumens softer than the blank or the

original, while observing that during the same extraction process the complete

elution of bitumen from fines did not occur. On the other hand, a transfer of
fines into the bitumen occurred in other samples (Makowska & Pellinen, 2016).

Therefore, I concluded that the studies regarding molecular changes during

the interaction between bitumen and inorganic fines should be studied in-situ,

to remove the uncertainty factor related to the phase separation during the

recovery. Because of that, the test methodology was evaluated in article III, in

which bitumen mixed with inorganic particles was heated, and the changes in

the molecular composition of the bitumen studied in-situ in a time-resolved

manner.

In article III, the subject of the aging of bitumen in the absence and presence

of the inorganic component was explored in line with hypothesis 2. The novel

methodology utilizing the in-situ FT-IR ATR measurements during exposure of
such material combinations to air at high temperature (consistent with the

temperatures observed during paving and recycling of asphalt concrete) was

proposed.
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Additionally, the observations from that experiment inspired me to explore

theoretically the differences in diffusion due to the reinforcement by the filler,

which I will present below.

3.3 Diffusion through mastic governed by binder and filler
properties

Typical studies of diffusion investigate binder-binder contact (Karlsson R.,

2003) (Karlsson & Isacsson, 2011) (Savarnya, et al., 2017). In reality,
thediffusion of bitumen molecules occurs in the mastic-mastic system (Figure

3) and a few research reports are available on the subject (Bressi, et al., 2015)

(Cavalli, et al., 2016). However, each mastic is different, as discussed in article

II, and even at the same volume of filler, the so-called “free bitumen” levels are

diametrically different due to the different physicochemical properties of fillers

(article II: Table 7). Tunnicliff proposed that the stiffness of binder increases at

the contact between bitumen and filler particles and that the thickness of the

affected lamella is the same regardless of filler particle size (Tunnicliff, 1962).

In effect, the increasing amount of fine filler particles, i.e. surface area, increase

the stiffness of binder between grains. Research reports demonstrated that the
stiffness increase differs with the same volume of filler or fractional voids in the

mineral filler for different mineralogical compositions of fillers (Faheem &

Bahia, 2010). It stays in agreement with the multilayer adsorption hypothesis

presented in Section 3.1. The viscosity in the lamella surrounding the grain

surface should increase with increasing content of iron oxides on the surface.

Additionally, during the studies of oxygen diffusion through the mastic, the

researchers observed that filler particles hinder oxygen uptake and postulated

that they obstruct the diffusion path of oxygen molecules (Han, et al., 2013).

Indeed, the rates of diffusion of molecules in solids and liquids differ vastly. I

postulated then, that the diffusion happens through the fluid phase in mastic as

the preferred route, but as the volume of the mastic layer is larger due to the
presence of the filler, the path of diffusion from one end of mastic to another is

longer than in bitumen-bitumen film diffusion. Since, according to the first

Fick’s law (Fick, 1855), the diffusion is proportional to the area through which

the diffusion occurs and inversely proportional to the path of diffusion, the

aspect of narrowing the path of diffusion should play an important role in itself

(Figure 6).

As regards HIR process specifically, the system is slightly more complex, as

the rejuvenator is applied onto the aged RAP, which is then blended with fresh

admixture. Consequently, we would obtain a sandwich-like structure of

masticaged-rejuvenator-masticadmixture.
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Nevertheless, let us consider a simplified model, assuming that 50% of the

contact between the bitumen molecules is obstructed by filler particles, but in

which the diffusion path is occurring in a straight line (Figure 7). I ignored the

interaction between the particle surface and bitumen in the calculations below.

Figure 6. Schematic 2D representation of differences between the path of diffusion in bitumen

films and during diffusion between mastic films with volume of filler of ca. 50%.  Two mastic

types considered had the varying parameter of the surface area of the grains.

Fig. 7. The simplified model of diffusion between the bitumen films (Geometry 1) and 50%vol.

reinforced mastic films (Geometry 2).
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The diffusion flux qx [mol/s], described by the first Fick’s law (Fick, 1855): 𝑞 =  −𝐷𝐴 (1)

is proportional to the diffusion coefficient D [mol*s-1/m2], the area through

which the diffusion occurs A [m2], the gradient of concentration C [mol/m3],

and inversely proportional to the diffusion path length x [m]. The diffusion

coefficient is presented in the equation:𝐷 =  𝐷 𝑒𝑥𝑝 − _ (2)

where D0 is the maximum diffusion coefficient, Ea_dif is activation energy of

diffusion, R is the gas constant and Tx is an absolute temperature [K].
From an engineering point of view, all or majority of the diffusion between

aged and fresh material should happen before the road opens to the traffic. After

the pavement is HIR treated, the compaction occurs until the surface

temperature drops below 70°C, which typically takes time about 25 minutes on

a normal summer day. The time between the end of compaction and reaching

approximately 50°C (above the softening point of a virgin binder in the

admixture) depends on the ambient temperature, but can last up to two hours.

As was established within the Project, during 120 minute time interval the

diffusion between two bitumen films (70/100-650/900 or bitumenSite1_during-

650/900) is not progressing visibly at temperatures below the softening point

of the rejuvenated bitumen (Ahmed, 2016). The softening point is describing
the temperature at which the viscous flow starts to occur and bitumen behaves

more like a fluid than a solid. Incidentally, it  is above the temperature of the

softening point that the Zero Shear Viscosity (ZSV, 0) can be established for

binders (section 11.8.3.).

Based on this finding and equation (3), I assumed that the flow activation

energy (Laukkanen, et al., 2013) can be used as the surrogate for the activation

energy of the diffusion process. The relationship between ZSV and activation

energy of viscous flow (Ea_flow) is typically presented by means of Arrhenius

(Frensdorf, 1962) (Laukkanen, et al., 2013) equation:𝜂 = 𝐵𝑒𝑥𝑝 _ (3),

where B is a constant. If Ea_diff=Ea_flow then𝐷 = 𝐷 (4)

Let us compare equation (4) to the Stokes-Einstein (Einstein, 1905) relation

for diffusion of spherical particles through liquids of low Reynolds numbers𝐷 = = (5)

in which the Dx depends on the viscosity of the liquid, , Boltzman constant,

kB, temperature, T, and radius of particles, r. The kB is defined as R divided by

the Avogadro number (NA). The diffusion in our considered system occurs for

thousands of different shape, size and molecular composition of molecules,
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thus, the equation (5) oversimplifies the system for our purposes. However, the

important information is that the viscosity of the liquid is inversely proportional

to the diffusion coefficient. The D0 from equation (2) by comparison to equation

(5) should be a value related to the shape and size of the molecules in the starting
bitumen.

The Ea_flow depends on the ability of the material to achieve flow, which should

be directly related to the viscous response of bitumen. That property is indicated

by the phase angle (the higher the phase angle, the more viscous behavior in the

material). A good correlation was found, indeed, for Ea_flow and phase angle

(Figure 8).

Fig. 8. The relationship between activation energy of flow (Ea) and phase angle at 25°C and

0,01 Hz (HW1) and 0,0159 Hz (Article IV, Nynas Oy laboratories).

On the other hand, the constant B, which will act as a correction to the D0,

should be tied to the shape and size of the particles. Let us consider the bitumen

molecules as small particles. As was demonstrated in article IV, the increasing

average molecular weight in bitumen ties to the decreasing phase angle. Plotting

B of the field-extracted bitumen specimen and virgin binder as a function of

phase angle, a good correlation was observed (Figure 9). Diffusion coefficient

would then be reduced due to the increasing size of molecules, leading to the
decreased viscous flow, resulting in hindered diffusion.

As discussed above, the viscosity of the binder near the grains should

increase with iron oxide content on the surface of the grains, as well as with

effective surface area of fillers, but let us investigate the simplest of cases.
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Fig. 9. The relationship between constant B and phase angle at 25°C and 0,01 Hz (HW1)  in
binders extracted from HW1 case study.

Assuming that diffusion through the geometry 1 and 2 occur at the same

temperature T1, the flux in system 1 and 2 can be described with equations:𝑞 ( ) =  −𝐷 𝐴 𝐵 𝑒𝑥𝑝 − (6)

𝑞 ( ) =  −𝐷 𝐴 𝐵 𝑒𝑥𝑝 − (7)

The relationship between flux in Geometry 1 and 2 after substitution can be

simplified into𝑞 𝑑𝑥 = 𝑞  𝑑𝑥 (8).

Integrating for the whole path length in the systems𝑞 Δ𝑥 = 𝑞  Δ𝑥 (9)

and in the case presented in Figure 7𝑞 Δ𝑥 = 𝑞  2Δ𝑥 (10)𝑞 = 4𝑞 (11)

This suggests that the flow of mass within the same volume of binder, but

governed by the contact area between the binders, would be 4 times slower in

Geometry 2 (50% of the contact area is hindered by the presence of filler in both

aged and admixture mastic) than in Geometry 1.

In order to estimate the necessary increase of the temperature in such

simplified system to achieve the same level of diffusion between the two mastics

of filler volume at the level of 50%, as between two films, both fluxes need to be
equal (q1(T1)=q2(T2)).

Solving this relationship:−𝐷 𝐴 𝐵 𝑒𝑥𝑝 − = −𝐷 𝐴 𝐵 𝑒𝑥𝑝 − (12)

we obtain the relationship𝑙𝑛 =  − (13)
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= − 𝑙𝑛 (14)

which, in the considered Geometries is simplified to:= − 𝑙𝑛 = − 𝑙𝑛(4) (15)

The  diffusion  can  be  studied  in  multiple  ways  (Mohajeri,  et  al.,  2016)

(Shirodkar, et al., 2011) (Nahar, et al., 2014) (Nahar, et al., 2013), (Savarnya, et

al., 2017), but the FT-IR-ATR technique proposed originally by Karlsson and

Isaacsson (Karlsson R., 2003) (Karlsson & Isacsson, 2011) was used by Ahmed

(Ahmed, 2016) in order to test local material combinations. The diffusion of soft

bitumen 650/900 through bitumen 70/100 was observed as the change in the

level of intensity of the sulfoxyl peak witnessed by FT-IR-ATR within 120

minutes at 90°C (Ahmed, 2016) in line with the 50:50 blend. Since we would
like to have the same level of rejuvenation (transport of the molecules in the unit

of time) through mastic with filler volume of 50%, we can calculate the

necessary T2.

For the virgin binder, the T2 would be equal to 104°C, which is 14°C more

than for pure bitumen films, with the simplification of the diffusion path going

straight between filler grains and no interaction with the surface area of fillers

taking place.

In the case of the lowest surface area filler with the lowest FETCH, namely

KF at 45%vol. filler concentration the R&B of mastic increased by 17.7°C. The

FA material had over six times higher surface area and significantly increased

multilayer adsorption promoting iron content. I propose that the diffusion path
would be longer and the area through which a flux occurs smaller in the mastic

with that filler, and accordingly, at the same time, the viscosity in the vicinity of

the filler grains increases causing Dx to become smaller. The effect of the mastic

stiffness on the progress of diffusion was not directly demonstrated in my work,

but it is expected that the softening point of mastic could be a good predictor for

the process.

The stiffness of the mastic is not only due to the presence of the filler. With

aging, the bitumen viscosity increases while the reinforcement is in place. If we

perform same calculations, evaluating what temperature is necessary to

rejuvenate aged binder in the mastic to the same level as between two films at

90°C, the result would be 100°C. However, the diffusion coefficient is not the
same in aged (148 kJ/mol*K) and unaged binder (112 kJ/mol*K) (Laukkanen,

et  al.,  2013).  As  mentioned  before,  D  is  a  function  of  binder  viscosity  or

activation energy of flow. In order to estimate at what temperature the aged and

unaged binders express the same diffusion coefficient at the same A, we can

solve the relationship between Daged=Dunaged𝐷 𝐵 𝑒𝑥𝑝 − _ = 𝐷 𝐵 𝑒𝑥𝑝 − _ (16)
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𝑇 =  (17)

The values necessary to calculate T2 and T4 for bitumen specimen prepared
from HW1 case study (article V) and in the multiple aging-rejuvenation

experiment (article IV) were obtained according to the methodology described

in Section 11.8.3., and are provided in Table 2 and 3.

The approximate increase of T4 between the aged and the unaged binder on

the level up to 15°C agrees with experimental findings of Karlsson and Isaacsson

(Karlsson & Isacsson, 2011). In their research, the diffusion coefficient of chosen

rejuvenator through bitumen of penetration 65 dmm at 90 °C was equal to the

diffusion coefficient through bitumen of penetration 25 dmm at approximately

105°C. This is similar to the difference in calculated T4 for 70/100 bitumen and

e.g. Site 2, where all tested bitumen averaged to Penetration of 21 dmm.

Table 2. The results of the linear function fit to the measured ZSV (f=0,01 Hz, 60-90°C) points
for binders recovered from HW1 and references. The flow activation energy (Ea) calculated from
the slope; estimated temperature T4 at which diffusion coefficient of this bitumen is equal to the
diffusion coefficient in bitumen 70/100 at 90°C; T2, which considers that 50% of volume in
mastic consists of filler particles.

Sample Name Slope
(Ea/R)

Intercept
(lnB)

Ea
[kJ/mol*K]

T4 from
Eq. (17)
[°C]

T2 from Eq.
(15) [°C]

Site_1A 14931 -38,442 124 99 112
Site_1B 16566 -42,371 138 104 116
Site_2A 17247 -43,904 143 104 116
Site_2B 16978 -43,253 141 104 116
Site_2C 18066 -45,760 150 107 119
Site_2D 17224 -43,949 143 104 116
Site_3A 15595 -39,813 130 104 117
Site_3B 15711 -40,182 131 103 116
Site_4A 15646 -40,263 130 100 112
Site_4B 15548 -40,066 129 98 111
70/100_2015 13465 -35,409 112 90 104
70/100_2015_RTFOT 15075 -39,277 125 94 107
650/900 10173 -28,717 85 63 79
650/900_RTFOT 11250 -31,478 94 68 83

Bressi et al. (Bressi, et al., 2015) demonstrated that for one type of RAP

(Pen=26 dmm) blended in the 50:50 ratio with virgin admixture (Pen=86 dmm)

the  phenomenon  of  clustering  of  RAP  in  the  final  blend  is  a  function  of  the
heating temperature during the sample preparation stage. In their research, the

homogenous diffusion and grain separation were achieved at compaction

temperature of 180°C for one and a half hour. In the light of the above proof

derived from the first Fick’s law, I can postulate that the volume of aggregate

additionally contributes to the increase of the T2 temperature. However, the

density of the aggregates and mineral fillers are often absent in the studies on

the rejuvenation in asphalt concrete, just as they are not required as parameters
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in the description of the recycled asphalt materials (Suomen

standardisoimisliitto SFS, 2016).

The results indicate that the typical temperatures achieved within the

reheated wearing course during the HIR (120-140°C) are too low to achieve
maximum rejuvenation. The temperature during compaction drops within ca.

25 minutes to 70°C during the compaction stage. Ensuring that the aged binder

and fresh binder would remain at a temperature higher than T2 or T4 for a longer

period, should result in higher levels of rejuvenation and better mechanical

performance of the pavement by diminishing the black rock effect.

With decreasing phase angle, the Ea_flow increases and so does the optimal

temperature for full diffusion. This supports the conclusions reached in articles

IV and V, suggesting that more effort should be placed on controlling the phase

angle during rejuvenation to assure that the binder is suitable for the following

cycles of reuse.

Table 3. The results of the linear function fit into the measured ZSV (f=0,0159 Hz, 60-90°C)
points for binders Aged (RTFO + PAV) and Rejuvenated in the Nynas Oy laboratory in four
cycles with 650/900 (article IV). The flow activation energy (Ea) calculated from the slope and
estimated temperature T4 at which diffusion coefficient of this bitumen is equal to the diffusion
coefficient in bitumen 70/100 at 90°C and T2, which considers that 50% of volume in mastic
consists of filler particles.

Sample Name Slope
(Ea/R)

Intercept
(lnB)

Ea [kJ/mol*K] T4 from
Eq. (17)
[°C]

T2 from
Eq. (15)
[°C]

70/100_2014 14310 -37,905 119 90 103
A1 17934 -45,875 149 105 116
R1 14734 -38,828 123 94 107
A2 17468 -44,616 145 105 117
R2 14685 -38,739 122 91 104
A3 17007 -43,789 141 101 113
R3 15128 -39,78 126 94 107
A4 17574 -45,228 146 103 114
R4 15555 -40,735 129 94 107

Considering the above theory, and the fact that in the process the rejuvenator

is  applied  during  the  lift  of  the  scarified  mixture,  a  few  seconds  before  the

admixture is added, the rejuvenator, applied simultaneously to the aged and

fresh mastic, would diffuse into the fresh mastic first, due to the higher diffusion
coefficient of that system. Consequently, such blended mastic would rejuvenate

the aged mastic. In that case, the rejuvenating bitumen would not be

equiviscous to bitumen 650/900. In such case, the temperature of the desired

flux requires experimental determination.

The above-derived proof for the civil engineers means that the parameters to

consider in order to assure maximum rejuvenation are: 1) temperature at which

within the chosen period of time the full blending occurs between the two

chosen fluids; 2) the properties of the mastic; and (3) the evolution of the
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activation energy of diffusion with time. The last parameter is related to the

evolution of viscosity during the aging and has been investigated extensively

(Petersen, 2001) (Mirza & Witczak, 1995), while the second parameter was

discussed above. The first parameter depends on the recycling process at hand
and can be optimized as well, either by adding heating units or lowering the heat

radiation after the compaction stage to assure a longer rejuvenation time, or by

a choice of different combination of materials. It is the viscosity of both

components, the old binder and the rejuvenating agent, which influence the

diffusion coefficient (equation 2 and 3). The rejuvenator V1500 (viscosity grade

bitumen) was demonstrated to achieve full diffusion within 120 minutes

through bitumen 70/100 already at 60°C.

One more important aspect to mention, also investigated during the Project,

is the miscibility between the binder and the rejuvenating agent as a crucial

limiting parameter of blending at all service temperatures (Redelius, 2000)

(Makowska & Pellinen, 2015). The miscibility of two components can be
established from Hansen Solubility Parameters (HSP), described in section 11.4.

If the miscibility is prohibited by the HSP rules, the diffusion will not progress

(Figure 10). Increasing temperature may lower hydrogen bonding in some

rejuvenators leading to blending at higher temperatures, but phase separation

will take place after cooling down. The effect is similar to the blistering or

sweating of paint applied in the hot and humid ambient after the temperature

of ambient reduces (Hansen, 2007).

Fig. 10. The pictures demonstrate the effect of Hansen Solubility Parameters on the miscibility

between bitumen and chosen solvents of similar viscosity. From left to right: ethanol (no

miscibility), n-heptan (partial miscibility, grains suspended in liquid) and chloroform (full

miscibility).

In order to explain the meaning of the above calculations in the context of

successful HIR maintenance in Finland, the discussion of the differences

between the raw materials over time is necessary. In the 80’s and 90’s the typical
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bitumen grade used during construction of AC pavements was 160/220 or

100/150. The varying dense graded  mixtures were used  before the introduction

of  FASpec in  1995,  but  it  is  after  the Finnish ASTO research program, which

ended in 1991 (Kurki, et al., 1993), that the SMA mixtures with bitumen 70/100
started to be used in the wearing courses in order to limit the abrasion due to

the studded tires. Additionally, the use of fly ash as a mineral filler started in the

late 90’s (Tielaitos, 2000).

 In the research works evaluating the applicability of HIR technique in

Finland, the RAP materials were typically of the dense graded AC, not the SMA

mixtures. The SMA mixes have more fine content than the AC mixes. The

material passing 0.125 mm sieve in the former studies (Apilo & Eskola , 1999)

was on the level of ca. 39% volume in mastic, as opposed to the observed 51% in

SMA on Highway no. 1. Additionally, the Penetration values reported for those

RAP materials in 1999 (Apilo & Eskola , 1999) were in the range of 60-70 dmm

before recycling, while currently much lower values are a norm– in research
presented herein  they were 10-33 dmm (article I, article V).

In the past, the success rates were seemingly high, but over the years,

substantially different materials were treated with the same technique adopted

earlier.

In terms of temperature, in 2009 the surface temperature during HIR works

was measured by members of Aalto University’s laboratory and was ca. 180°C,

while on HW1 the surface temperature targeted after the process was 225°C. It

seems that with increasing viscosity of the aged binder, the contractors

increased the process temperature. Perhaps the increased temperature

negatively affects the already aged binder, inflicting more in-situ aging.

Unfortunately, the operator is also required to reduce the rejuvenator amount
when bleeding occurs (article V). Combination of the two practices may have a

very negative effect on the outcome. The next course of action is to test softer

rejuvenators (e.g. V1500), which would assure higher levels of rejuvenation at

lower process temperatures.

My recommendation is also to separate the Finnish pavements into different

maintenance classes based on the wearing course composition (the type of

mixture and the rheology of binder) and to develop separate HIR procedures for

each subgroup.

3.4 The chloride presence and their effect on aging of bitumen

The information obtained because of the mineralogical analysis conducted in

article II, revealed that it is the mineralogical composition of the grain surface

that plays the role rather than the ultimate composition of the filler. The

interphase contact between the inorganic and organic component in asphalt
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concrete is the highest between the surface of filler particles and bitumen. The

filler’s surface area is higher in comparison with the coarse aggregate’s surface

area. As observed in article I, as well as in article II, the filler particles can digest

in HCl creating various heavy metal chlorides, of which FeCl3 is the most visible
due to its distinctive yellow color in solution.

During the application of deicing chemicals on the surfaces, a series of

reactions may lead to the formation of hydrochloric acid. The use of calcium

chloride as the de-icing salt has much more corrosive effect on the car parts and

road markings than sodium chloride (Vestola, et al., 2006), see Section 9. This

was explained by a series of chemical reactions occurring in the road

environment, namely interaction with exhaust gases:

CaCl2 + 2H2O = Ca(OH)2 + 2HCl (18)

Ca(OH)2 + CO2 = CaCO3 + H2O (19)

The yellow dust observed to accumulate on the surface of automobiles was

identified as a mixture containing calcium carbonate, indicating that the
hydrochloric acid becomes released into the environment. The car parts in the

regions of increased use of such deicers were proven to corrode faster, but little

attention was given to the interaction of hydrochloric acid with aggregate.

In the research related to the deterioration of concrete bridges, the

deterioration of cement occurs when the reverse happens:

CaCO3 + 2HCl = CaCl2 + H2O + CO2 (20)

In laboratory conditions, HCl is used to extract soluble minerals present in

aggregates (fines, cement, fly ash) leaving insoluble silica species. This wet

chemistry method was employed in article II for the evaluation of etchable iron

content, or in article I to determine the solubility of fines in hydrochloric acid.

As a result, various water-soluble heavy metal chlorides are created and
transferred into the liquid, and the most abundantly occurring reaction relative

to fines can be expressed by reaction equation:

Fe2O3 + 6HCl 2FeCl3 + 3H2O (21)

The FeCl3 is water-soluble. During the mentioned experiments (article I and

II), FA particles had a tendency to clog the filter, and the characteristic yellow

tint remained in the fines and on the filter. When we considered the potential

action of HCl on the asphalt concrete layers and then thought of the bituminous

layers as an analogue to a clogged filter, hypothesis 3 was formulated. The

created chlorides that do not wash away with the rain water should be

accumulating within the asphalt layer. The magnitude of such accumulation and

correlation to the mineralogy of the fines was to be established.
There is uncertainty in reactions (18) and (19), as they were proposed to occur

based on tests performed on the dust collected from the cars in Finland. Part of

the dust in Finland will comprise of the abraded asphalt concrete as long as

studded tires are in use. A large portion of Finnish road network contains
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limestone as a filler, thus, limestone should be present in the dust abraded from

such roads (Makowska, et al., 2015) and effectively the limestone presence may

not be a result of reaction (18).  That is why I decided to investigate if the

chlorides accumulate in asphalt concrete.
Nieminen (Nieminen, 6-7 March 1991) demonstrated how sodium chloride

crystals precipitate inside the Finnish aggregates during the freeze-thaw cycling

of aggregate in brine leading to the increase of the pressure inside the pores and

mineral layer separation. The pyrrhotite (iron sulfide mineral), mica and

amphibole minerals have a strong tendency for an increased susceptibility to

weathering, understood as a weakening of the structure due to the separation of

mineral layers during the freeze-thaw cycling. The additional growth of sodium

chloride crystals inside of the aggregate grain caused stronger deterioration

during the weathering of the aggregate in the laboratory conditions and

accumulation of the salt crystals in the pores (Nieminen, 6-7 March 1991).

However, the bitumen covers the grains of aggregate in service and it was
unclear if chloride retention in the mineral aggregate occurs inside AC.

In order to create a supporting reference for hypotheses 2 and 3, during the

analysis of samples described in article V (Makowska & Pellinen, 2015), the fine

material passing 0.063 mm sieve was analyzed by means of X-ray Fluorescence

(XRF). These results are presented for the first time in this summary in Table 4.

The best correlation was achieved between the concentration of chlorides (Cl)

and iron (Fe) content in this aggregate fraction.

In article II, the raw materials used in the evaluations were limestone, fines of

granite (KK), and granodiorite (TE) aggregate passing 0.125 mm sieve, fly ash

(FA) as obtained from the producer, and water damaged (FAW). The content of

iron etched from the filler samples, expressed as Fe2O3% classified those raw
materials in the following order:

LS  (0.32%wt.)  >KK  (3.69%wt.)  >  TE  (4.05%wt.)  >  FA  (4.54%wt.)  >  FAW

(4.68%wt.).

As can be observed, increasing the content of FA in the asphalt concrete results

in the potential to accumulate the chlorides in the wearing course in the form of

iron (III) chloride. In the Finnish reality, limestone should work protectively

against the accumulation of heavy metal chlorides due to the interaction of the

fine material with deicers as in reaction (21).

The original purpose of this thesis was not to study the chemical processes

occurring within the aggregate. Because of that, I did not reach a definitive

answer as to the composition of chlorides. In the end, chlorides can be present
in asphalt in their original form, namely as sodium and calcium chlorides

(Nieminen, 6-7 March 1991), or as products of the etching with HCl produced

in reaction (18), e.g. hydrated FeCl3.
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The important thing was to test the potential effect that chlorides would have

on the aging of bitumen, both in the laboratory and outdoors in the context of

HIR process. As discussed in article I and IV, Quddus et al. (Quddus , et al.,

1995) determined that FeCl3 expressed strong catalytic activity at 0.3%wt. by
mass of bitumen during exposure of bitumen to air at elevated temperature. At

FeCl3 0.6 percent by mass of bitumen, a doubling of asphaltene content was

observed in comparison to the non-catalytically oxidized reference sample.

Due to the established correlation between the content of chlorides and the

content of iron in fines passing 0.063 mm sieve, an assumption was made that

the majority of chlorides were present in the form of FeCl3. However, not all

iron was present in that form. When all chlorides were recalculated into FeCl3,

and percentage by mass between FeCl3 in aggregate fraction passing 0.063 mm

sieve and bitumen in each of the tested samples from before HIR’13 on HW1

were computed, the values up to 0.18%wt. of bitumen were estimated.

Therefore, the catalytic activity was expected in samples of higher chloride
content.

3.5 The effect of chosen inorganic molecules on the chemical
aging of bitumen

Even though the effect of the dry FeCl3 on the oxidation of bitumen was reported

previously in the literature (Quddus , et al., 1995), the question remained if the

hydrated  form  of  FeCl3  expressed  similar  behavior  and  did  calcium  chloride

express any catalytical activity as well (hypothesis 2).

Because of the studies conducted and presented in article III, a conclusion was

reached that CaCl2 does not express catalytic or inhibitive activity towards the
oxidation of bitumen. Indeed, the use of calcium-rich fillers such as limestone

or hydrated lime should have protective effect on the aging during the recycling

of asphalt concrete deteriorated due to the action of deicers. In the system with

FeCl3 a pronounced aging was observed as expected.

However, the analysis of the oxidation reaction in-situ in the pure bitumen

sample (article III) allowed us to propose a series of reactions, which lead to the

formation of species typically correlated with insufficient performance of the

asphalt pavements. We observed that the increase of signal observed by FT-IR

in the so-called carbonyl (CO) and sulfoxide (SO) region does not occur from

the starting point t0. Instead, the peaks characteristic for the formation of thiols

were observed initially, followed by an increase in the disulfide region, followed
by the increase of signal in the SO region and finally in CO region. It was

proposed that further oxidation of thiol to disulfides releases the peroxides
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capable of oxidation of sulfide species, present in the bitumen, to sulfoxides

(article III: Figure 1 and 6).

The ability to block one of the reactions preceding the formation of peroxides

was proposed and demonstrated as possible aging inhibition method.
This novel finding was then explored in studies comprising of two or three

component set-ups. Knowing that thiols have a tendency to strongly adsorb on

the surface of noble metals (review provided in (Gan, et al., 2011) (Laibinis &

Whitesides, 1992) (Bain, et al., 1989)), copper powder, a representative of the

group, was added into the bitumen and into the bitumen and FeCl3 mixture. An

observation was made that in the Cu-bitumen combination the formation of SO

was inhibited almost completely and CO significantly slowed down compared to

pure bitumen aging. Interestingly, in the combination of Cu-FeCl3-bitumen the

inhibition of SO signal increase held up, suggesting that, indeed, blocking thiols

(created during the initial stage of bitumen thermal decomposition) by

adsorbing them on noble metals inhibits the oxidation of bitumen even in the
presence of strong catalysts (article III).

The article III presented a novel methodology to study chemical changes in

the bitumen during oxidation, but also provided both scientist and industry

representatives with a tool for more sophisticated material engineering

practices in terms of asphalt concrete mix design. In the context of studies of

bitumen diffusion through mastic discussed previously, the set-ups investigated

are in fact demonstrating the aging of the low reinforced mastic. This

methodology to test the materials opens up a possibility to study both the effect

of physicochemical characteristics of fillers on the aging of bitumen but also on

the diffusion rates, or even aging during diffusion.

The studies performed in the article III prove that two component systems do
not behave as three component systems. I encourage further studies about the

interaction of bitumen and the total weathered material passing 0.125 mm

sieve. The combination of the materials such as limestone, fly ash, aggregate,

hydrated lime and other additives can result in the different influence on the

oxidation of bitumen than any of the components separately.

3.6 The effect of chlorides on the aging of bitumen during the hot
in-place recycling

In the article III, I have demonstrated that CaCl2 had a negligible effect on the

change of the oxidation of bitumen. The chemical changes in the bitumen and

the rate of reaction were similar. However, the aging of bitumen over hydrated
FeCl3 occurred at a much faster rate. Additionally, the signals assignable to the

aromatization were stronger in the FeCl3 containing system, suggesting a

different reaction mechanism.
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This section explores the field sample analysis in line with hypothesis 2.

The increase in the asphaltenes content between before and after reheating

(during) stage is only significantly above the repeatability level of the method

for Site 3 ( (Lehto, 1988), section 11.3, Figure 11).

Fig. 11. The results of general fractioning conducted by TLC-FID technique on DCM free

bitumen specimen prepared from cores collected before and after the HIR maintenance in 2013

on Highway no. 1, as well as from loose scarified material collected from inside of the HIR

equipment during that construction after the reheating stage of the process. Error bars indicate

the minimum and maximum determined value.

In the bitumens recovered from cores after HIR’13 (Figure 11), a shift towards

higher content of an aromatic fraction and lower resin fraction was more

observable than a significant change in the asphaltenes content. Similar

observation was made in article IV, where we observed that asphaltenes content

before and after aging procedure, as well as after rejuvenation, did not change

significantly, even though the rheology and molecular weight distributions were

affected. Unfortunately, SARA fractioning seems not to be an optimal method

of characterization of bitumen for the purpose of setting the material criteria on

its basis.
Nevertheless, in order to provide the additinal context for the evaluation of

effect of chlorides the data, from research in which the effect of addition of FeCl3

was measured by SARA fractions (Quddus , et al., 1995), was plotted in Figure

12.
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For the purpose of comparison between the properties of the aged and the

unaged bitumen, a variety of aging indices (Iaging) was proposed, which can be

simplified in one general formulae𝐼 =     , (22)

where in the context of the SARA fractioning, the chosen compared property

before and after aging is the content of each fraction in the bitumen.

As presented in the Figure 12, during typical oxidation of bitumen a shift

towards increased asphaltene content occurs with a slight decrease in Iaging for

other fractions. When FeCl3 acts as catalyst in the reaction of oxidation, both

shifts are much more pronounced and the effect is catalyst concentration

dependant.

Fig. 12 The aging index calculated from data provided by Quddus et al. (1995) for non-catalytic oxidation
and catalytically oxidized variants using 0.3% or 0.6% FeCl3 by weight of bitumen.

When the SARA fractioning results obtained from field samples are evaluated

(Figure 13), it seems that a catalytic effect is not apparent in the sites with

highest estimated chloride content. However, comparison between Site 1 (pure

limestone filler) with Site 3 (mixed fly ash and limestone filler) allows for

identification of a trend in Iaging in line with those observed for catalytic reaction

(Figure 12).

In terms of comparing the effect of aging during recycling and air blowing

of bitumen over catalyst on the content of asphaltenes, the difference is
proposed to also stem from the processes. The air blowing in the quoted article

was carried out for a period of up to 15 h at 240°C, whereas the reheating stage

in the HIR process lasts approximately 25 minutes and an average temperature

within the material from the recycled layer reaches up to 140°C. Not all of the

aged bitumen is in contact with air at all time during HIR heating.
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Fig. 13 The comparison of aging indices determined from SARA fractionation for Sites 1-4, using results
from samples collected before and during HIR’13.

The change in rheology is definitely visible (Table 5). There was no significant

difference in relative drop of Penetration during reheating (ca. 21-27%).  This

stays in agreement with 20-25% drop in Penetration reported for the process by

Asphalt Recycling and Reclaiming Association (Asphalt Recycling and

Reclaiming Association, 2001). Therefore, it seems that the presence of

chlorides did not influence the aging catalytically during reheating process in

the field. Perhaps the fact that the asphalt layer is solid during the reheating,

which limits the oxygen diffusion (Han, et al.,  2013) to the layers of bitumen

within the pavement as discussed in Section 3.2., is playing a protective role
during the HIR reheating stage. The other explanation is that the chlorides

could be in fact present in the form of the original deicing salt, which does not

influence the aging mechanism.

Nevertheless, the ratio of potential FeCl3 to bitumen content was the highest

within Site 2 and it is where from the binders of highest |G*|, lowest phase angle,

and highest content of asphaltenes were recovered. The air void content, which

is suggested as one of the main parameters of asphalt concrete aging (Whiteoak,

1990) (Mirza & Witczak, 1995), within that site before maintenance was not the

highest. Therefore, the results could indicate that the catalyst affects the long

term aging more than the aging during the HIR process. However, I recommend

further evaluation of this observation on a larger number of tests sites.
The Site 2 had the highest Cl and Fe (Table 4). The change in rheological

properties is hard to quantify. For example, Penetration is not linearly
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correlated to the increase of stiffness as measured by G*. Therefore comparing

the change in Pen between samples of different starting Pen may be misleading.

In Table 5 the change in rheological properties was presented both as measured,

but also as a relative change. Looking at the relative change in Penetration or in
the G* at 25°C and 1,59 Hz we can see that the heating during the process had a

similar effect on the aged pavement – about 21-26% drop by Pen and 38-46%

increase of |G*|. However, after the process the differences are more scattered

– about  10-42% increase of  Pen and 18-54% drop of  |G*|.  As  is  visible,  even

though the material from Site 2 did not age during the heating in the process

relatively more than other sites, but in the bitumen recovered from the wearing

course after the HIR’13, the relative change was substantially more visible.
Table 5. The change in Penetration and G* at 1,59 Hz and 25°C in samples collected from
Highway no. 1. The samples containing significant peak of DCM were excluded as outliers from
average values

Site 1 Site 2 Site 3 Site 4
Average Penetration before
HIR’13 [1/10 mm]

30 21 34 32

Penetration during HIR’13 [1/10
mm]

22 16 25 25

Average Penetration after HIR’13
[1/10 mm]

33 28 33 28

Percent change of Pen during
heating (d) [%]

-25,8 -25,1 -26,5 -21,1

Percent change of Pen from
during HIR’13 to after HIR’13 [%]

34,0 42,3 24,2 10,7

G* at 1,59 Hz and 25°C before
HIR’13 [Pa]

2 777 750 4 760 222 2 017 000 2 493 000

G* at 1,59 Hz and 25°C during
HIR’13 [Pa]

4 064 000 6 719 000 2 917 000 3 433 000

G* at 1,59 Hz and 25°C after
HIR’13 [Pa]

2 007 250 3 108 500 1 967 667 2 829 750

Percent change of G*(25°C, 1.59
Hz) during heating

46,3 41,1 44,6 37,7

Percent change of G*(25°C, 1.59
Hz) from during HIR’13 to after
HIR’13 [%]

-50,6 -53,7 -32,5 -17,6

In order to estimate if rheology of the binder was affected beyond

expectations, an approach to predict the Penetration by calculating allowed

range for used material combinations was applied (Makowska, et al., 2017). In

Figure 10. the lines representing a possible curve of rejuvenation were produced

for Sites 1-4 specific ratios (article V), using modified penetration based

blending equation:

𝑃𝑒𝑛 = 10 ( ) ( ) (23)

where a is the weight percent of aged bitumen in final blend,

b is the weight percent of the virgin bitumen from the admixture,

c is the weight percent of the rejuvenator in the,

Penbefore is the Penetration of the aged bitumen before the process,
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Penadmix is the Penetration of the virgin bitumen from the admixture,

Penrej is the Penetration of the soft bitumen used as rejuvenator,

d is the percent of penetration drop during the heating stage of the HIR

process. The modification of the equation stemmed from the results of the
analysis presented in Table 5. However, other researchers also report similar

approach of accounting for binder hardening during the production processes

(Hugener & Kawakami, 2017).

The assumptions for HIR process below include:

- the  aging  of  the  wearing  course  due  to  the  action  of  heating  units  as

presented in Table 5,

- the bitumen in admixture arrives on the construction site already aged,

but its rheological properties will depend on e.g. the distance to

construction site.

This is why a range of Penadmix values is used (32-70 dmm) for estimate.

Fig 14. The simulated change in Penetration after the HIR process (lines), considering the

aging during reheating and using the ratios of bitumen weight from the specific site data from

the quality control and research data. The simulations were run for the best- and worst-case

scenario, in which the bitumen in admixture ages insignificantly (e.g. has Penetration 70 dmm)

or ages significantly but not below the acceptable level in FASpec (e.g. Penetration 32 dmm),

respectively. The points represent the values measured from samples collected from HW1.
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The aging of the rejuvenator in the process was not studied. The soft bitumen

is in closed container, and supplied into the scarified material without the

counterflow of hot air. In calculations for Figure 14, the rejuevnator aging was

allowed in range 800-900 dmm.
The difference between Penblend and Penbefore is plotted as a function of Penbefore.

The results compared to such simulation suggest that Sites 1 and 2 were

rejuvenated beyond plausible levels. There are two possible explanations – one

is the transfer of material from beneath layers or locally increased rejuvenator

amount. The data about the rejuvenator use is typically provided in

documentation as an average per day rather than specifically on a per 100 m

basis, therefore the confidence in the rejuvenator amount is low.

This analysis explains why making a definite judgement on the basis of the

field collected samples is challenging. The suggested course of action would be

to collect the samples from similar process, while assuring stronger control of

the parameters such as thickness of recycled and sampled layer.

3.7 The effect of multiple recycling on performance of asphalt
pavement evaluated by changes in phase angle

In the article IV, the rheological and chemical changes within bitumen upon

repetitive aging and rejuvenation were investigated (Figure 11) in line with

hypothesis 4. This experiment acted as a baseline for the understanding of the

transformations in the bitumen during multiple recycling (article IV and V).

Typically when rejuvenation is discussed in the literature, the approach of trial

and error for particular RAP is performed. We have chosen the complex

modulus (G*) targeting approach. The final blend G* was targeted by

rejuvenation of our binders to a level observed in the virgin binder. Using the

relationship between Penetration and complex modulus, we investigated
usability of the existing Penetration based blending equation. It was

demonstrated that indeed when targeting certain G*, the equations are

applicable.

However, the evaluation of our data revealed that the phase angle, which is

indicating of viscoelastic properties of the binder, was decreasing with each of

the aging and rejuvenation cycles performed (Figure 16). This indicates that an

elastic response of material increases or accumulates at all tested temperatures,

despite the significant rejuvenation effort (article IV and V). At the same time,

the molecular weight distribution was changing as well (article IV), increasing

the relative content of high molecular weight species with every aging-
rejuvenation cycle. If the molecules indeed oligomerize, like suggested in article

III and IV, those changes are irreversible by means of physical blending. From

the point of view of cold climate engineering, ideally the binder should be more
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viscous to withstand the thermal cracking and allow self-healing during the

temperature increase. Therefore, it should be the focus of further research to

recover the elastic element in the recycled binder by other physical or chemical

means or to inhibit the oligomerization and increase of elasticity – example
approach presented in article III.

Figure 15. The schematic representation of the experimental plan executed in article IV of

rejuvenation of the RTFO and Pressure Aging Vessel (PAV) aged binders. All of the AX and RX

samples along the B80 (70/100) and B800 (650/900) were characterized by Gel Permeation

Chromatography (GPC), general fractioning (SARA) fractions and for their rheological

characteristics (DSR, Penetration).

On the other hand, in certain climate regions, this change is positive, due to
the increased resistance to permanent deformation at higher temperatures. In

the cases in which the resistance to thermal cracking is obsolete for good

performance, the multiple recycling of asphalt should be desired.

It was determined that the approach of using the equation (article IV:3) across

the temperature range without specifying the reference temperature is of a high

risk.  The  solution  of  the  equation  is  not  satisfied  to  be  a  constant  in  the  full

temperature range for the considered bitumen-rejuvenator system (the G*

derived aging index, Iaging, is not constant, see article IV). Using G* at different

temperatures for calculations resulted in diametrically differing results e.g.

27,1% versus 45,7% for A1 when G* at 15°C and G* at 60°C were used as an input

for calculations, versus 33% calculated from Penetration based equation.
On the basis of the results presented in article IV, we can propose further

studies on the applicability of blending equations for targeting the rheological

response of the material. It is proposed that both G* and  should be included

in the target determination and blending equations.

As was also demonstrated, there is a certain risk associated with calculating

the rejuvenator amount using G* as an input. Depending if the optimization was

executed on the G* value at lower or higher temperatures, the discrepancies in

the results were observed. A method assuring the lower differences at various

temperatures should be sought in Finland and preferred in order to prevent
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additional risks associated with overly softened bitumen and evaporation of the

fluxing rejuvenator (Simonen, et al., 2013).

Fig. 16. The relationship between molecular weight measured by GPC and phase angle,

established at 15, 25 and 60°C and frequency of 0,0159 (upper) and 1,59 Hz (lower).

In the article V, we have compared the information collected during the

research conducted for the article IV and the information obtained from the

collected field samples. In this research, it was simulated how the multiple aging

and rejuvenation could alternate in the field by conforming the contemporary

Finnish guidelines for the recycling. The case study of Highway no. 1 (Section

10.2 and 10.3), was monitored over the course of 3 years in order to determine

how the rheological parameters could explain the performance. The focus of the

analysis was on low temperature resistance, which demonstrates itself in the
resistance to thermal cracking and raveling. Because of such follow-up, a

realistic criterion for after HIR type maintenance needed to be established.

Based on literature, the Glover-Rowe (G-R) parameter was then proposed for

SMA type pavements in the cold climate regions. The G-R parameter

incorporates both G* and phase angle, which, as was discussed previously, is

desired. The original Damage Zone by the G-R parameter (Glover, et al., 2005)

(Rowe, 2011) (Rowe, et al., 2016) described the material properties related to

severe block and thermal cracking. This zone was envisioned as an acceptable
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criterion to establish a necessity for maintenance or indicate the special type of

maintenance designed accordingly.

However, the original research did not explore how far outside of that zone

the binder would need to be in order to facilitate a satisfying performance over
some desired period. Based on our results, we proposed a new zone, namely

Insufficient Ductility Zone (IDZ), the envelope of which defines the binder

properties that are insufficient to withstand the cold Nordic climate conditions

over the period of 3 years (article V:Figure 4). It is suggested from thereafter to

target the binder properties of the blend obtained during the recycling to lay

outside of that IDZ. In terms of the Penetration values and their relationship

with G*, this IDZ minimum (G-R =47 kPa) is consistent with the minimum

Penetration value allowed for RTFOT aged binder Penetration grade 70/100.

We have demonstrated as well, how within that G* and  space the

reversibility of aging and rejuvenation can be followed for high RAP materials

using the small amounts of rejuvenator and larger portion of fresh bitumen of
the same grade.

Additionally, using the data collected in article IV, we demonstrated how the

paths to the damage zone can shift in parallel when a significant amount of fresh

binder of different rheological response is added into the blend. This

information can be used in the future studies on the “grade bumping” approach

towards the multiple recycling. The Figure 5 in article V also demonstrates how

optimization to the Penetration level can pose a risk in the case in which phase

angle value is not controlled for. The Damage Zone or IDZ can be entered

despite the certain Pen, and as Pen correlates well to G*, targeting just G* may

not be sufficient.
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4. The remaining questions

The work presented in the published articles and hereby summary explored a

wide array of subjects. However, a lot remains still to be investigated and the
research need statement is provided below.

4.1 Mastic

The question, which remains from articles I and II, is related with the effect of

mastic composition on the aging of bitumen. Just as it was previously reported

in the literature, that oxygen diffuses into the stiffer mastic at lower rates (Han,

et al., 2013), an observation was made that solvents used to extract bitumen

from stiffer mastics may not remove the full material and thus will give a false
information about the sample characteristics. This was investigated as part of

the project and published as a separate contribution (Makowska & Pellinen,

2016) not included as part of this thesis.

It was also determined during that study that aging of the mastics at 45%

volume of filler in the conditions same as those in RTFO tests did not result even

in a spread of mastic onto the walls of the bottle. In comparison, at 37,5% some

of the mastic flew on to the walls. Based on the results from the article II, the

temperature used in this test (163°C) should have been sufficient for softening

of the mastic and intuitively we would expect a behavior similar as those in

bitumen of low penetration grade. Interestingly the aspect of mastic flow is not

as simple.
I suggest that the reheatability of the mastic should be studied as a parameter

corresponding with grain separation during recycling of asphalt concrete.

Additionally, in the satellite study to this thesis, a research under my guidance

was conducted studying the level of rejuvenation of bitumen as a function of

bitumen softening point (Ahmed, 2016). As a result of that work, it was

established that the diffusion of rejuvenators is hindered at the temperatures

below the softening point of bitumen.

The effect that the volume of filler should have on the diffusion of bitumen

between the old and the fresh mastic was discussed above. Transfer of the
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concept presented in Section 3.2. into the asphalt industry and its experimental

verification should be a next step after hereby presented research.

What remains for investigation is how the stiffness of mastic influences the

level of rejuvenation during the recycling works. As discussed in this thesis, not
only the volume of filler particles but also their mineralogy and surface area are

affecting to the stiffness of mastic. This may influence the diffusion of

rejuvenating agents. The smaller the filler particles are, the larger the surface

area is, and the thinner the bitumen film between the grains of the filler. As

proven in equation (11), the area through which the flux occurs hinders the

degree of rejuvenation within same period. If the free volume collapse occurs,

the concentration gradient changes and viscosity increases adding another

dimension to consider in the problem. The aspect of aggregate gradation and

aggregate’s volume is envisioned to influence the diffusion, as demonstrated by

Bressi  et  al.  (Bressi,  et  al.,  2015),  which  can  be  explained  by  equation  (1).

Applying second Fick’s law and solving the problem for the realistic material
combinations should result in better understanding of the rejuvenation.

I envision that experimental studies regarding the physicochemical properties

of filler on the diffusion of bitumen molecules between the mastic would help to

understand how to control the magnitude of the “black rock” effect observed

during the rejuvenation of recycled asphalt pavements (McDaniel, et al., May

2002).

On the other hand, the determined effect of etchable iron oxides on the

increasing stiffening of mastic could prove interesting for the application of self-

healing porous asphalts constructed with the use of steel fibers (Garcia, et al.,

2012). The accumulation of chlorides in such pavements may be higher than in

the asphalt concrete without steel fibers, but due to the specific healing
methodology in which asphalt is reheated in place without consecutive

scarification and re-exposure to air during maintenance, the effect may be

negligible. However, assessment of chloride presence in such novel functional

material at end-of-life stage could prove useful, if such material was considered

as RAP in further applications.

4.2  The influence of asphalt components on the oxidation of
bitumen

The article III presents a novel method at following the reaction of bitumen

oxidation in-situ without the necessity to separate the bitumen from additives

and reinforcement. This methodology opens up a route for multiple types of

evaluations of AC components:
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- mineral filler – bitumen,
- mineral filler blends – bitumen,
- mineral filler- bitumen – rejuvenator,
- mineral-bitumen – rejuvenator – additives,
- anti-aging additives-bitumen targeted specifically to the bitumen

type/origin,
- all of the above, in various oxidative and inert gas environments.

In my work, I did not address the change of the refractive index between

bitumen and bitumen-modifier system. Therefore, comparison of the systems

between each other is still uncertain and requires further studies. Nevertheless

following one system over time in order to understand the step-wise changes is

immediately available for practitioners and scientists.

What is more, studying in-situ the effect of particular minerals and their

combinations on the aging of bitumen should be achievable at a much lower

effort. Development of the technique in order to study the reaction not only by

the changes within the bitumen but also the gases evaporated from the system,
as proposed in article III, could give us closer understanding of the

physicochemical processes happening during this complicated reaction. The

many equipment developed recently to follow the curing of polymers, such as

the Dynamic Shear Rheometer with inbuilt FT-IR-ATR could ultimately allow

us to study the material in-situ by means of both chemical and rheological

changes at the same time.

As mentioned in the limitations of this study, the work presented here was

conducted in respect of non-modified bitumen. However, the FT-IR ATR

equipment is a practical tool for assessment of polymer content in polymer-

modified bitumen (PmB), as well as assessing the behavior of PmB during aging
(Yut  &  Zofka,  2011)  (Zofka,  et  al.,  2015)  (Nivitha,  et  al.,  2016).  Studying  the

aging in-situ of typical PmB, could help us understand the issues related to the

degradation of polymer in service, especially in the presence of chlorides, as well

as the effect of polymer presence on the oxidative reactivity of base binders.

In the end, only the full understanding of the reactions allows us to control it.

We can shift the asphalt industry towards the smart material design in the

future.

4.3 The Glover-Rowe parameter

Importantly, one solution cannot fit all pavements in Finland, especially if the

HIR maintenance technique is preferred. In article V, we have presented an

Insufficient Ductility Zone criterion for highways constructed with bitumen

70/100 in SMA16. However, as AC mixtures on low trafficked roads are typically

constructed using different virgin materials, e.g. bitumen 100/150 or 160/220,

it is envisioned that the performance target should be adjusted accordingly.
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Just as was visible in the statistical analysis presented in Section 8.1. , it

becomes self explanatory that applying same rejuvenation and recycling rules

for two completely differing mix designs may result in good outcomes of one

and mediocre ones in the other. Separate rules should be developed for different
traffic classes. Softer admixtures should be used for pavements of higher

Penetration in order not to damage the bitumen during recycling (Figure 10).

The G-R parameter criterion, assuring low thermal cracking, could be

combined with the desired resistance to studded tires over a period of time and

separate envelopes could be developed for different traffic classes of pavement

types.

4.4 The effect of heating during HIR

During the reheating of the wearing course the local ignitions under the heating

elements and insufficient grain separation leading to equipment malfunction

were observed. It is suggested that an investigation of the influence of the

wearing course material composition, as well as the road structure, be

investigated for the purposes of the better control of the process.

Hereby presented work provides practitioners with methodology to establish

the composition of the mastic, from which the thermal conductivity of the layer

can be calculated (Makowska, et al., 2017). The density of the wearing course,
the bitumen content, the air voids content and the soundness of the structure

are all suggested to play an important part in the success of reheating of the

asphalt concrete during the HIR process. An optimization in order to minimize

the ignitions and to assure sufficient flow of mastic in order to avoid RAPHIR

clustering in the new layer is suggested.

4.5 The type of chlorides

In my work I established that chlorides indeed accumulate inside the pavement

during the service life. I did not address the mineralogical composition of those

compounds. The use of polarized microscope to determine differences between

CaCl2 and NaCl could be possible. Incorporating X-Ray Diffraction (XRD)

should allow for better analysis. However, studying the mixture of three
aggregates (granodiorite, limestone and fly ash) after exposure to deicing

chemicals is challenging with XRD and a specialist should approach this task, if

that is required.
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4.6 Time as the limiting risk factor

This thesis identified the potential problems associated with the interaction

between inorganic and organic phase in asphalt concrete during the aging and

the recycling, especially via the hot in-place process.

What remains to be established is the influence of each of risk factors on the

success rates of the HIR process. Once the major risk factor is established, we

can focus on eliminating it or minimizing its effect.
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5. Recommendations for practitioners

Supplementing fillers mass by mass should be avoided. It is suggested to target

to a similar stiffness level of mastic (similar R&B) if necessary, in order to
assure similar behavior of pavements during reheating and rejuvenation during

recycling.

However, the control of the iron levels in asphalt concrete fines will assure

lower risk of accumulation of aging catalysts over time and preventing

pronounced aging during recycling and consecutive life-cycles. At the moment,

a word of caution is suggested to use the aggregates and the mineral fillers of

low iron content in the specific areas where use of calcium chlorides is required,

e.g. ground water protection areas (Amundsen , et al., 2010), extremely low

climate regions.

Incorporation of phase angle, especially recovery of the viscous behavior of

bitumen at low temperatures, into the targets for the recycling works should
result in material more withstanding the low temperature conditions and

capable of self-healing. The rheological criterion, in the form of the Insufficient

Ductility Zone envelope within the G-R parameter space, was proposed for the

high trafficked pavements located in the Nordic climate region, which assures

good performance for a minimum of three years.

The drop in Penetration during reheating stage in HIR was in the worst case

on the level of -27%. It is suggested that optimization input from “aged bitumen”

is corrected by at least such magnitude in order to predict realistic final

rheological characteristic of the bitumen (equation 22).
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6. Conclusions

The overall aim of this work was to understand the physicochemical influence

of the inorganic phase in the asphalt concrete on the aging and performance of

asphalt pavements in the context of the multiple recycling in cold climate.

The more specific research questions answered in this dissertation were

developed based on the work conducted during the Project focused on

optimizing the hot in-place recycling process.

Based on Ring Road II case study, a novel forensic methodology was presented

to determine the composition of mastic in post-mortem and for the purpose of

the production quality assurance. The reasons behind the failure of such

multiply recycled asphalt pavement were proposed to originate from either

multiple recycling; the increased stiffening of the mastic due to the change of
material; the increased corrosiveness of the asphalt concrete due to the change

of the material or to be a result of catalytic activity of corrosion products during

the recycling works.

This dissertation provides answers to the fundamental questions raised in

such specific hypotheses of possible failures. A summary of the findings beyond

state-of- the art in line with hypotheses is in Figure 17.

Mastic stiffening was demonstrated to depend on the filler properties,

especially etchable iron content, surface area and density. In terms of further

investigations related to Ring Road II case study, the change of filler material

with regard to mass between the stage of mix design and construction in that

pavement indicated the significant intensification of the mastic stiffening.
A novel model for the prediction of the mastic stiffening based on the

physicochemical properties of the filler was proposed. The content of iron

etchable from the surface of the filler grains (FETCH) was suggested to

chemically affect the stiffening by way of causing the self-assembly of

multilayers on the grain surface. Highway no. 1 case study confirmed that

chlorides accumulate during the road service inside the pavement and that their

amount positively correlates to iron content in fines passing the 0.063 mm

sieve, yet the chlorides’ mineralogical composition was not established. The

potential effect of the chlorides on the aging of bitumen was explored in
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laboratory conditions, proving that the iron (III) chloride is a strong risk factor

for pronounced aging, while regular deicers do not present significant catalytic

activity. A comprehensive analysis of bitumen oxidation reaction, proving the

presence of an alternative reaction mechanism to those proposed previously in
the literature was conducted.  This analysis opens a new area of material

characterization research focused not only on exploring the aging, but also on

effectively inhibiting it by smart asphalt composite design. Encouragingly, it

was demonstrated that the presence of noble metals as a third component

inhibits the oxidation reaction even in the presence of a strong catalyst.

Fig. 17 The synthesis of the key research questions and conclusions presented in this dissertation in line
with the in-depth hypotheses presented in section 3.1.
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The evaluation of the Highway no. 1 case study indicated that relative aging

during the hot in-place recycling process was not always significantly affected

by the presence of chlorides, suggesting that they may accumulate in a

catalytically inactive form, e.g. as calcium or sodium chloride.
The multiply recycled binder analysis indicated that an accumulation of large

molecular compounds occurs in the binder in consecutive cycles. This fact

relates to the increase in elasticity, described by the decreasing phase angle at

the similar complex modulus or penetration levels. The work identified the

phase angle as a crucial parameter to follow during the multiple recycling,

extrapolating from the laboratory simulated four cycles or reuse.

Concerns regarding the increased elasticity were additionally explored in the

examination of performance of the pavement during Highway no. 1 case study

using the Glover-Rowe parameter, which incorporates both the complex

modulus and phase angle. This parameter was used to establish the criterion of

good performance for the Finnish conditions within the Black space, namely the
Insufficient  Ductility  Zone  (IDZ).  It  is  recommended  to  rely  on  it  as  a

performance criterion with regard to the development of maintenance actions

involving asphalt recycling. The aged asphalt concrete in material

combinations, which fail the IDZ criterion during HIR, should be considered as

a waste of this process. However, that waste material is still usable in the form

of lower RAP content applications in the in-plant recycling.

Additionally to the hypotheses related to the influence of the mineral filler on

the possible failure mechanism, the mineral filler properties were explored in

the context of rejuvenation and blending with fresh admixture.

The concept of the mastic structure was discussed in the context of asphalt

reheating during the recycling work and in the context of asphalt rejuvenation.
Following the first Fick’s law of diffusion, a simple method for assessing the

effect of the volumetric properties on the diffusion flux between fresh and aged

mastic was proposed. The results of the calculations on the diffusion between

two layers of mastic indicate that the increase in temperature required to

achieve a similar diffusion coefficient between two mastic films as between the

two bitumen films, is similar to the value of increased ring and ball softening

point  for  mastic  with  low  FETCH.  This  work  can  be  foundation  for  a  new

hypothesis to be evaluated in the future, related to the effect of FETCH, surface

area, and volume of filler on the diffusion of bitumen through mastic.

The analysis suggests that the diffusion flux depends on the activation energy

of the bitumen flow. This energy positively correlates with increasing elasticity
within the material due to the increasing molecular wight, originating in the

oligomerization and the nanoaglomeration of oxidized molecules. In effect, the

lack of control of the phase angle during the recycling process may hinder not

only the performance but also the rejuvenation in the following cycle of reuse.
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It was demonstrated numerically and proposed, that in order to establish the

temperature necessary for a full rejuvenation of the aged binder, the reference

temperature of full diffusion through the fresh binder, and the flow activation

energies of fresh and aged binder are required. This novel approach reveals an
interesting engineering aspect of introducing the concept of temperature

control, based on bitumen and aggregate properties, in order to minimize the

content of the inactive binder in the recycled asphalt concrete, also known as

the “black-rock” effect.
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8. Recycling of asphalt concrete

In order to increase the asphalt industry’s independence from the crude oil
sources, lower the costs of construction and to decrease the environmental

impact, the recycling of asphalt concrete pavements (RAP) is practiced around

the world (Karlsson & Isacsson, 2006).

Based on the content of RAP in the construction material we can distinguish

several classes:

- low RAP content (10-15%),
- moderate RAP content (up to 30%),
- high RAP content (40-50%+),
- very high RAP content (70-100%).

The low RAP content mix designs have been used effectively during the last

few decades. It was established that addition of RAP on the level below 15% does

not require alterations to the fresh mix design or equipment (McDaniel, et al.,

May 2002). At the moment, in Finland the fresh mixes contain up to 10% RAP

material.

The moderate RAP content group has been investigated intensively in U.S.A.

(McDaniel, et al., May 2002) and Europe recently. It was established that at

30% RAP there is still little necessity to alter the bitumen properties in the fresh
admixture in order to achieve similar performance. No alterations to the process

are necessary. However, an aggregate curve gradation may need to be adjusted.

In the high RAP mix designs two suggested approaches exist, one is to blend

the RAP with rejuvenators and another involved so-called “grade bumping”

(McDaniel, et al., May 2002). The grade bumping approach assumes that the

addition of high amount of RAP stiffens the bitumen in the resulting mixture.

Using softer bitumen in the fresh portion of the material is supposed to

compensate for it. On the other hand, the use of rejuvenator prior to blending

with a fresh mixture is expected to activate the aged binder in RAP and soften

it. In this case, a small alterations to the process would be required connected

with storage of the rejuvenators, their inlets into the mixer and flow control.
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The very high RAP content applications require a different approach, and

often even a different plant unit (Zaumanis, et al., 2014) (Zaumanis & Mallick,

2015). Typically, a rejuvenator addition is required in order to activate the

binder and to soften it (Rowe, et al., 2016). The amount of rejuvenator necessary
to add is typically established empirically, but attempts on optimization have

been reported. One of the solutions is applying low viscosity rejuvenators at cold

temperatures and allow for low temperature diffusion during stockpiling

(Lehtimäki, 2012).

The hot in-place recycling (HIR) can be considered a very high RAP

application, because of the fact that 100% of the material scarified is reused in

the same place (Asphalt Recycling and Reclaiming Association, 2001) (Hesham

& Sobhan, 2012) (Qureshi & Kurshid, 2015). Depending on the equipment and

local requirement, either a fresh admixture and rejuvenator, just admixture or

just rejuvenator are added. This means that the actual content of RAP in the

resulting surface can be between 70-100%. In plant, reheating of the high RAP
content mixes is the most challenging and so is the case during the HIR.

8.1 In plant versus the hot in-place recycling

In the research about RAP, only some attention is placed to the effect of
composition of the asphalt concrete on the success rates (Huang, et al., 2014).

In majority of the cases, bitumen properties are established after extraction and

recovery from RAP. At the same time, the gradation curves are reported.

However, a trend is towards considering RAP as a black rock without the

necessity to extract the binder and performance based evaluation of high RAP

mixes is under development (McDaniel, et al., May 2002) (Kennedy, et al.,

1998) (Avila, et al., 2013) (Stimilli, et al., 2016).

Such approach would be a correct one on the monopolistic market with a

strictly defined mix designs. However, due to the competition in the asphalt

industry, a variety of mix designs exists. The variables include not only bitumen

origin and its grade, but also type of aggregate, type of filler, bitumen
modifications, antistripping agents, rejuvenators and fibers. Additionally, the

environment in which the pavement is intended to perform should play a role

as discussed in Section 3.3. In the current reality, the export of RAP is somewhat

unlikely. However, as the resources diminish and at the moment RAP becomes

a product, inside for example European Union, it is possible that a material no

longer performing well in the cold climate, due to excess elasticity and

susceptibility to thermal cracking, could be exported to warm climate regions

and reused as material improving the resistance to deformation. Therefore, it

would be of high importance to know what the RAP is actually made of.
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In order to average the differences between the hauls from various sites,

scarified material from various pavements can be blended in the asphalt plant

when the in plant recycling is used. The problem starts to be significant in the

hot in-place recycling (HIR) technique in which the paver reheats, scarifies and
blends the aged pavement with the fresh admixture on the road. If the long

stretch of the road is commissioned for the maintenance, the risk of variable

asphalt concrete mix designs increases and contractors should be able to

prepare for that.

The special case of the problem exists in Finland, where the composition of

the asphalt concrete is strictly dependent on the traffic class of the road.

In the 1970’s, the oil crisis caused an increased interest in asphalt recycling

techniques which allowed for 100% use of an old material. Various hot in-place

recycling (HIR) techniques started to emerge and slowly spread around the

world. The benefits of HIR type maintenance are plentiful ( (Hesham & Sobhan,

2012)) and the interest in the techniques as an alternative to milling and hauling
is quite high, especially in countries where high quality aggregates are required

due to studded tire wear, and the road network maintenance budget is limited (

(Makowska, et al., 2014); (Li, et al., 2014); (Hesham & Sobhan, 2012) (Asphalt

Recycling and Reclaiming Association, 2001)). (Makowska & Pellinen, 2015)

The HIP recycling has been used in Finland since 1975, and based on positive

laboratory and field trials early on; its use has increased considerably. At the

beginning of 1990’s, 1.2 million m2 of roads were treated with the HIR, and in

1992 the number had increased to 2.5 million m2 ( (Wastimo, 1995)). The most

popular technique used today is called REMIX. It consists of the in-situ

reheating of the pavement followed by milling, addition of the rejuvenator and

fresh admixtures, and homogenization of the produced layer before the final
compaction. In 2013, about 30% of the road construction contracts in Finland

were commissioned as the HIR; and in the southern region alone, about 871

000 m2 of roads were REMIX treated. It is expected that this trend will continue

as the road maintenance expenditures are not going to increase in the coming

years (Lyytinen, 1/2014).

The most common pavement distress type in Finland is rutting due to studded

tire wear. The fresh mixtures are optimized against this damage and the key

attention is given to the wear resistant aggregate and mixture proportioning (

(Kurki, et al., 1993); (Finnish Pavement Technology Advisory Council, 2000)).

The quality criterion triggering the road maintenance is set to 12-21 mm of rut

depth depending on road type and traffic (Tiehallinto, 2007). The time to reach
this threshold is highly dependent on the amount of traffic but also on the

success of the initial construction. It has been estimated that studs abrade

asphalt  ca.  15-25  kg/m2 for the corresponding rut depth values, which then

needs to be refilled in order to sustain safe driving surfaces.  The price and
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availability of the special hard aggregate becomes a factor encouraging Finland

to recycle up to 100% of asphalt concrete in order to support the 70% recycling

target for construction waste materials in Finland (Salmenperä, et al., 2016),

when possible. In addition, the overall European goal of increasing
independence from the crude oil will be fulfilled.

The HIR is preferred on the high volume roads (speed limit between 60-120

km/h), where minimal traffic disturbance is desired. Therefore, a good

resistance against permanent deformation and studded tire wear is needed and

it has to be the main quality concern.

As the popularity of the process grew, more research projects were initiated to

investigate HIR maintenance. Patosalmi (1996) (Patosalmi, 1996) studied

indirect tensile strength variation of mixtures due to the use of various

rejuvenators.  The best restoration of strength was attained with the soft

penetration graded bitumen 650/900 (in some cases exceeding the values of the

original mixture) compared with the original mix design and the non-
rejuvenated HIR treated materials. Other tested rejuvenators included softer

viscosity graded bitumens (V1500, V3000), tall oil, heavy oil and bitumen

emulsions.  Apilo et al. (1998) (Apilo & Eskola , 1999) investigated twice HIR

treated field pavements, and for the third HIR cycle they developed an artificial

laboratory aging methodology to simulate pavement performance after multiple

recycling cycles.  Based on those studies the FTA made a decision in 1998 to

limit the number of HIR treatment cycles to two and to encourage the use of

rejuvenators, although no mandating specifications were yet released at that

time. Over time there have been local deviations from the general guidelines and

3 times HIR treated road segments do exist, as discussed before. This is due to

patching type maintenance operations of deteriorated road segments prior to
the maintenance of the entire length of the road.

In 2009, the FTA commissioned a statistical analysis of the success rates on

once and twice HIR treated segments compared with the fresh overlays

(Rantanen & Suikki, 2009).  It was found that on average pavement life

decreased with every consecutive HIR cycle. Specifically for the highly trafficked

roads, the average cycle length after the 3rd HIR maintenance was cut by half

as compared with the fresh overlay.  Incidentally, the cost of milling and fresh

filling  with  an  overlay,  being  6.9  €/m2, is almost twice as big as HIR type

maintenance (2.7 €/m2) for SMA surfaces. Due to the increased risk of failure

on the third time HIR treated roads, the earlier decision was sustained to allow

the treatment to be conducted only twice after the fresh overlay.
Nevertheless, since 2009 an increase in triple recycled pavements has been

observed (Suikki & Spoof, 2017). In 2016 the statistical analysis was repeated,

which included larger than previously available database. The data was divided

into the traffic classes and the performance of HIR treated pavements was
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compared to the performance of fresh overlays, as well as mill and filled with

fresh. Interestingly, the drop in performance after recycling was much more

severe for low traffic class roads than it was for the main arteries (Table 6).

Table 6. The summary of the results of the statistical analysis conducted by Suikki and Spoof
(Suikki & Spoof, 2017) regarding the change in performance of multiply recycled asphalt
pavements by the HIR technique.

Annual Daily Traffic Change in performance compared to freshly constructed layer
[reduction of time to reach the threshold rut depth]
HIR HIR/HIR HIR/HIR/HIR

1500-2500 -18% -27% n/a
2000-5000 -18% -29% -43%

5000-10000 -19% -28% -36%
10000-25000 -18% -26% -43%

>25000 -14% -19% -25%

In preparation for the tenders and execution of the construction, contractor is

required to core at least 5 samples from the representative area of the road.

Typically, a gradation, bitumen penetration, maximum density and air void

content are tested on the collected samples, in order to allow for a better

optimization of admixtures. Although some contractors take 5 cores also from
the finished road for their own quality assurance, there are no criteria set for the

final product and therefore this step is not always performed.

After assessing the remixing work in 2013 prior to this project, it became

evident that if no rejuvenator was used it resulted in increased air voids and

drastic decrease of in-situ penetration values. Therefore, the Finnish Transport

Agency decided to make it mandatory to use soft bitumen 650/900 with the

amount of 150-250g/m2 as rejuvenator in HIP-RC.
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9. Use of deicing chemicals in Finland
and potential risks

Once the road is constructed, the majority of interaction with environment

happens during the service and maintenance specific for the climate in which

the road is situated. In the Finnish realm, pavements are not only exposed to

frost heave, huge temperature fluctuations within a year, studded tire wear, high
levels of precipitation in form of rain and snow, but also to the action of deicing

chemicals.

Even though the acetates and formates are used on the airfields (Alatyppö &

Valtonen, 2007) and in the areas of ground water protection (Amundsen, et al.,

2010), it is still the sodium (NaCl) and calcium chlorides (CaCl2) that comprise

the majority of all the deicer use in the maintenance of the Finnish road

network. In Table 7 the total use of deicing chemicals in Finland as divided by

regions is compared for winter season of 2007/2008 versus 2012/2013. A

different proportion between CaCl2 and NaCl in maintenance activities can

characterize each region. Even inside the larger region the values can locally

differ. In Figure 18, which presents the use of NaCl and CaCl2 between 2009 and
2013 in a sub-region of Pohjois Pohjanmaa (POP) region known as Oulu area, it

can be observed that CaCl2 is preferred over NaCl, even tough the use of CaCl2

in the whole POP region is only on the level of 8% of total deicers.

Both Ring Road II and Highway no. 1 are located in UUD ELY region,

suggesting that NaCl is dominant deicing chemical.
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Table 7. The summary of the deicing chemicals use in the winter season 2007/2008 and
2012/2013 in Finland divided by regions, with a focus on the use of calcium chloride. UUD –
Uusimaa, VAR – Varsinais-Suomi, KAS- Kaakkois-Suomi, PIR – Pirkanmaa, POS – Pohjois-
Savo, POP – Pohjois-Pohjanmaa, L – Lapi, EPO – Etelä-Pohjanmaa, KES – Keski-Suomi

1.10.2007-30.9.2008 1.10.2012-30.9.2013

Region

Deicing
chemicals
(t) CaCl2 (t)

Percent of
CaCl2 in
all deicers
[%]

Deicing
chemicals
(t) CaCl2 (t)

Percent of
CaCl2 in all
deicers [%]

UUD ELY 29562,0 493,4 2 % 27015,3 252,1 1 %

VAR ELY 11788,8 326,7 3 % 11309,0 186,4 2 %

KAS ELY 11830,1 541,2 5 % 5876,5 0,0 0 %

PIR ELY 8136,6 1443,1 18 % 7774,7 1071,3 14 %

POS ELY 10122,8 1650,5 16 % 7710,5 965,3 13 %

KES ELY 6737,3 1710,1 25 % 4652,2 159,9 3 %

EPO ELY 9710,4 2627,8 27 % 7019,6 268,5 4 %

POP ELY 8551,5 725,1 8 % 6306,1 477,4 8 %

L ELY 2027,3 122,2 6 % 2199,0 52,8 2 %
Finland
total 98466,8 9640,1 10 % 79862,9 3433,7 4 %

Figure 18. The use of deicing chemicals on the example of Pohjois-Pohjanmaa region,

specifically Oulu area, between October 2009 and December 2013. Data provided by the

Centre for Economic Development, Transport and the Environment (ELY-Keskus).
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10. Case studies

The material explored in this thesis stemmed from investigations of two case

studies, namely Ring Road II and Highway no. 1.

10.1 Ring Road II

The RRII is an important 2-lane arterial road, with the speed limit of 80 km/h,

located in the metropolitan area of Helsinki. The road section is 6.8 km long and
has ca. 49 000 vehicles per day of which ca. 2000 are heavy vehicles. Due to

large areas of patching and surface distresses, the road suffered poor ride

quality.

The case of that pavement is described in detail in article I and corresponding

report (Pellinen, et al., 2013).

10.2 Highway no. 1

The first selected test road was Highway no.1 (HW1) (speed limit 120 km/h,

AADT 39000-56000), where 26.5 km of driving lane were let for the Remix

maintenance in 2013 (REM’13). Based on FTA’s database at least 7 different

segments having different prior treatments, mix designs and contractors could

be identified. Combined with maintenance records, it became evident that the

road was anything but homogenous and various dominant distress types such

as rutting, raveling and low temperature cracking were present. The contractor
awarded for the work was facing the first problem of choosing a representative

site to collect samples from the road. As a compromise, it was agreed on to use

only one admixture throughout the 26 km stretch of road.

The rehabilitation history suggested that the selected four segments (Figure 19)
had the following history of rehabilitation work (article V:Table 1):

- the 1st coring site comprised of an mill and overlay placed over an existing
overlay constructed in 2009,

- 2nd site had once HIR treated overlay,
- 3rd site had twice HIR treated overlay
- and 4th’site was mill and fill overlay placed above the twice HIR treated

overlay.



Case studies

81

Figure 19. The location of the sampling sites on Highway no 1. Map data copyrights of Google

Inc.

The 4th site had essentially the same aging cycle as 1st site, because twice HIR

treated surface mixture had been milled away before placing fresh overlay in

2009. The 3rd site provides us with a unique opportunity to observe how the

road performs after it has been HIR treated three times.

10.3 Sampling on Highway no 1.

From the four chosen stretches discussed above, the average rut depth per 100

m length of the road was averaged for each historically similar area (Figure 1 in

article IV) and a sampling Site was chosen in the place where the local rut depth

was as close as possible to the average rut depth in the whole area. From each

of the sites cores were collected before (e.g. 1A and 1B) and after (1F and 1G) the

HIR maintenance of 2013 within a 100 m distance from each other (Figure 20).

After the HIR was conducted cores were taken from the same Site, yet about 50

m  away  from  the  coring  area  before  HIR.  Within  Site  2  additional  sets  of

samples were collected (2C and 2D) before HIR from the segregated spots of
wearing course which were expressing severe raveling (Figure 21).

We have also identified an opportunity to collect the material which has

underwent the reheating in-place, scarification but which had not been mixed

with rejuvenator or admixture. In order to collect such material the equipment

needed to be stopped and scarifying augers needed to be switched of for a short

period. In order not to disturb the process with the sampling activities, the

material collection was conducted at the time of the change of the admixture

truck (when the empty one was detached and a full one attached in front of the

paver) as close to the coring Sites as possible. The bitumen samples recovered

from those materials are referred to as “during”.
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Similar forensic methodology to that proposed in article I and presented in

Figure 1 was applied. The aggregate was additionally evaluated by the means of

X-ray Fluorescence.

Fig. 20. A schematic representation of the sampling set-up alongside the address taken from

the Finnish road network, where e.g. 1/1/8/2500 means road number 1, lane 1, section of the

road 8 and 2500 m from the start of the section (calculated from Helsinki outwards). The left

side represents sampling before HIR and right afterwards. The blue dots represent full depth

cores.
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Figure 21. A schematic representation of the sampling set-up alongside the address taken from

the Finnish road network, where e.g. 1/1/1/6/4300 when read from left means road number 1,

driving direction 1, lane 1, section of the road 6 and 4300 m from the start of the section

(calculated from Helsinki outwards). The left side represents sampling before HIR and right

afterwards. The blue dots represent full depth cores. Extra sampling sites were chosen on Site

2 in the moon shaped sections of low density, typically associated with end of truck segregation.
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11. Chosen analytical methods

The array of techniques, I had a pleasure to work with, was vast and describing

each single one of them in detail is perhaps not desired; the description of those

techniques is easily available for interested readers. The majority of the applied

methods was referred to, or explained in detail in the articles used as a basis for

this thesis.

Nevertheless, within the above summary I introduced results that were
previously unpublished in the articles, namely the results of the general

fractioning of the bitumen and X-Ray Fluorescence based analysis of fines from

samples collected from HW1. Therefore, the short explanation of those

techniques is provided below.

I have decided to describe in more detail technique used in the articles, which

are not available to the large group of researchers, e.g. FT-IR with ATR on the

heated stage.

Additionally, I decided to include the entry about a standard test of Increase

in the Ring and Ball Softening Point, to familiarize readers, as this procedure is

not widely used in Finland. The observations from this technique were

instrumental to some of the conclusions reached in my articles and the
summary part of this thesis.

The diffusion is a function of viscosity but the miscibility of the liquids

depends on the interactions between molecules. The understanding of theory

behind the Hansen Solubility Parameters is necessary to understand blending

of complex liquids of differing chemical nature. Therefore the Section 11.4.

presents the HSP theory.

In the end, the short description of the Dynamic Shear Rheometer equipment

is provided. The equipment has many uses and this is why I have described only

some of the measurable parameters, which were instrumental to reach some of

the conclusions presented in this dissertation.
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11.1  Fourier Transform Infrared spectroscopy (FT-IR)

The principle behind the infrared spectroscopy is similar as in any absorption

spectroscopy and uses the interaction between the radiation and matter.

According to the Plank’s law light is energy. When that energy interacts with

matter, it can be absorbed at resonant frequencies. Vibrational and rotational

movement in molecules can consume the energy associated with infrared light

at resonant frequencies. For example possible vibrations for the methylene

group (–CH2–) involve: symmetric and antisymmetric stretching, scissoring,

rocking, wagging and twisting, of which each adsorbs a different amount of

energy, thus is visible as a separate absorbance lines in the resulting spectra.

The absorption is dependent on the mass of atoms in the bond, e.g. –OH
(hydroxyl), -NH (amine) and -SH (thiol) groups absorb different energy for

similar movement. However, where and to what size of a molecule that bond is

attached determines also the amount of energy necessary to achieve movement

via irradiation.

In perfectly symmetric molecules, such as for example fullerenes (C60,

“buckyball”), absorption lines are very discrete as only certain vibrations are

allowed in the molecule (Kuzmany, et al., 1995) (Raula, et al., 2010). The more

heteroatoms in the molecule and the larger it becomes, the more complex the

spectra becomes as each of the functional groups absorbs at its particular

resonant frequency.
In order to obtain the spectra a comparison between incident light and the

light which passed through the matter is conducted. The results are typically

presented in either of the two ways, namely in Transmittance (Trans) mode,

which quantifies the percent of light transmitted (I) by the sample at each of the

frequencies in comparison to the intensity of incident light (I0). The other

preferred mode is Absorbance (Abs), which is related to Trans by equation:

Abs = 2 - log10 %Trans (24).

In the typically much slower dispersive spectroscopy techniques, in which a

monochromatic light is shone on the sample and difference between the

incident and transmitted light is recorded for each wavelength, the results are

combined into a spectrogram from many measurements. In Fourier Transform
spectroscopy a broadband light source is used as incident light and a series of

interferometers combined with computer processing allows us to analyse the

absorbance simultaneously for a range of frequencies and to obtain a spectra

within seconds.

An infrared spectroscopy is very versatile and can be applied in the studies of

gases (e.g. carbon dioxide, water, hydrogen sulphide, methane), liquids (e.g.

water, alcohols, oils, bitumen) as well as solids (e.g. polymers, minerals, salts).

The technique is often used in complex systems during the studies of solids



86

suspended in liquids (e.g. paints) or solids in solids (e.g. pigmented polymers,

pharmaceuticals).

In hereby thesis it was applied to fillers used in asphalt concrete (solids, article

I  and  V),  bitumen  (liquid,  article  III),  bitumen  during  aging  (liquid  with
suspended emitted gases, article III) and a novel three component systems of

bitumen aged over filler particles (a suspension emitting gaseous compounds)

at elevated temperatures (article III).

The most crucial frequency regions characteristic for each of the combinations

in tested systems are described in corresponding articles.

11.2 Attenuated Total Reflectance (ATR) on a heated stage

In ATR the depth of penetration (dp) of wave into the material is defined by

equation:𝑑 = ( ) / (25)

where  is the wavelength of incident light,  is the angle of incidence of light,

n21 is the refractive index ratio between sample and the prism (Harrick, 1967)

(Figure 17). Unfortunately, the change in refractive index with the progress of

the reaction is most likely occurring, which may affect to the Absorbance values.

However, for the sake of simplification at this stage in our research it is assumed

as constant.

During the studies on oxidation the thickness of film was assured constant by

casting the bitumen into a ring of inside dimensions: diameter of 5 mm and
height of 0,5 mm (Figure 22 and 23).

The ray of light penetrates only to a certain depth in the material and the signal

reflected is recorded (Harrick, 1967). The resulting spectra are an average of the

sample properties for the certain distance between the prism and a fixed depth

in the material tested. This method was thought to be helpful in following the

oxidation kinetics in-situ explained in detail in article III.

The equipment used was iS50 (Thermo Fischer) with Pyke’s GladiATR heating

accessory equipped with diamond prism.

The temperature is controlled by three wire platinum Resistance Temperature

Detectors with accuracy of +/-0,5%. The problem with temperature

overshooting, explained in article III connected with control of the temperature
within during the measurement is demonstrated in the Figure 24. In order to

bring the temperature of the system to the level at which background was

measured (163°C) and to allow for observation at 2 and 4 min from reaching the

point of 163°C, a touch with metal spatula was applied to withdraw the extra
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degree. This was done to assure the compatibility between the measurement

and background.

Fig. 22. Schematic representation of path of a ray of light for total internal reflection for used

systems. The ray with initial intensity (I0) penetrates a fraction of a wavelength (dp) beyond the

reflecting surface into the rarer medium of refractive index n2 (Harrick, 1967) and reflected beam

of intensity reduced (I) after interaction with specimen is analyzed by the Fourier Transform.

Fig. 23. The sample of casted bitumen film during the measurement at 163°C with FT-IR-ATR.
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Fig. 24. Temperature stability of the GladiATR accessory in comparison to the reported

accuracy of the temperature control, a typical pattern of undisturbed heating.

11.3 Generic Fractioning (SARA fractions)

The generic fractions of the base bitumens were determined by thin-layer

chromatographic method with flame-ionisation detector (IATROSCAN MK-6s)

(Teugels  & Zwijsen,  1991).  The technique is  gaining popularity  due to  its  low

consumption of solvents. For application in the asphalt industry it is, among

other applications, useful in the:

- quality control of bitumen production (Lehto, 1988), (Teugels &

Zwijsen, 1991), (Carbognani, et al., 2010 );

- distinguishing between different crude oil sources, as well as between

producers of road bitumens (Paliukaite, et al., 22-23 May 2014);

- aging studies of bitumen (Simonen, et al., 2013), (article IV);

- identification of anomalies in bitumens recovered from the field samples

(article I);
- studies of rejuvenation of aged bitumen (Simonen, et al., 2013), (article

IV), (Tabatabaee & Kurth, 2017).

However, there seem to be differences between the laboratories, and as

discussed in literature (Lehto, 1988), (Teugels & Zwijsen, 1991) the number of
parameters affects to the numeric result. The procedure used in this work was

as follows.

  Bitumen samples were dissolved in chloroform at concentration of ca. 10

g/ml. Three chromarods were spotted with 2 l of such solution. Saturates were

eluted with n-heptane, aromatics with solution of toluene (80%) and n-heptane

(20%) and resins with solution of dichloromethane (95%) and methanol (5%)
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(Simonen, et al., 2013) (Teugels & Zwijsen, 1991). Filter papers were in the

development tanks. The drying of the roads between elution stages was

performed for the period of minimum 10 minutes in desiccator with nitrogen

flow inside. The laboratory temperature during the elution was 22°C.
As a result of this test we obtain a chromatogram (example in Figure 25).  The

relative content of fractions in bitumen based on their differing polarity can be

calculated by integrating the areas under the peaks corresponding to the specific

fraction.

Fig. 25. An example chromatogram produced via TLC-FID from one repetition of bitumen

recovered from Site 1 before HIR’13.

This methodology was applied during the analysis of samples in article I and

IV, but in those articles the meaurements were performed in Nynas Oy
laboratories. The same methodology was used on bitumens extracted from cores

collected during the maintenance works on Highway no. 1 presented in this

summary.

Lehto reported (Lehto, 1988) coefficient of variation of measurements at that

concentration for bitumen 250/330 in the range of 27.9% for saturates, 5.8%

for aromatics, 7.5% for resins and between 9-30% for asphaltenes. The standard

deviation and coefficient of variation data from our measurements is seemingly

better and provided in Table 8.
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Table 8. The summary of the standard deviation and coefficient of variation data for SARA
fractioning by TLC-FID technique.

unit

Site
1

before

Site
1

during

Site
2

after

Site
2

before

Site
2

during

Site
2

after

Site
3

before

Site
3

during

Site
3

after

Site
4

before

Site
4

during

Site
4

after
STDSaturates  [%] 0,2 0,1 0,3 0,6 0,2 0,2 0,1 0,4 0,1 0,4 0,3 0,2
STDAromatics [%] 0,7 0,7 1,0 2,0 0,3 0,3 0,5 0,6 0,9 0,5 0,1 0,8
STDResins [%] 0,1 0,6 0,8 1,2 0,8 0,4 0,9 0,5 1,1 0,5 0,3 0,5
STDAsphaltenes [%] 0,7 0,4 0,7 1,3 0,5 0,5 0,5 0,5 0,3 0,4 0,2 0,5
CVSaturates [%] 2,4 0,9 3,4 8,2 1,9 2,6 1,0 6,2 1,5 5,6 4,1 3,3
CVAromatics [%] 1,8 1,7 2,2 5,4 0,9 0,6 1,1 1,4 2,0 1,2 0,1 1,9
CVResins [%] 0,3 1,9 2,7 3,4 2,3 1,5 2,8 1,7 3,6 1,6 1,1 1,5
CVAsphaltenes [%] 4,0 2,3 3,6 6,6 2,3 2,4 2,9 2,4 1,6 2,1 1,3 2,9

11.4 The Hansen Solubility Parameters (HSP)

The theory behind Hansen Solubility Parameters (HSP) (Hansen, 2007)has

started from investigations of Hildebrand solubility parameter (δi), which is

defined as the square root of the cohesive energy density:

δi=(E/V)1/2 (26)

The HSP assumes that cohesive energy (E) within a liquid or solid is a

summary of three energies. The first one is called permanent dipole-permanent

dipole interaction, EP, and is dependent on the geometry of the molecule. The

second is called dispersion interactions energy, ED, which is due to attraction

forces between molecules, in case no hydrogen bonding is present. The third

major cohesive energy source originates in hydrogen bonding, EH, which exists

in systems where an electron exchange is plausible.
As the cohesion energy is a sum of those components, cohesion energy is

defined as:

E= ED + EH + EP (27)

After dividing by the molar volume (Vmol) we obtain an equation:

E/ Vmol = ED/ Vmol + EH/ Vmol + EP/ Vmol (28)

Which gives:

δ2i= δ2D + δ2H + δ2P (29)

Typical values for solvents are point based. Polymers and bitumens, due to

their character (a mixture of molecules of various length and chemistry) are

represented by a sphere on the tridimensional graph where each of the HSP

parameters occupies one axis.

The various methods of calculating the parameters and energies are provided

and typical values are listed in the tables.

Using tridimensional plotting, the sphere is characterized by its center point

(Ro) and radius (Ra). The solvents are characterized by Ro (a  point  in
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tridimensional space). If the Ro of  a  solvent  falls  within  the  sphere  (within  a

distance Ra from Ro of a sphere), such solvent is miscible with tested material.

The  closer  Ro  of  a  sphere  and  Ro  of  a  solvent  are  to  each  other,  the  better

miscibility is observed. When the distance is equal Ra, this is defined as
boundary condition and use of such solvent is not suggested, due to possible

changes in miscibility with changing conditions such as e.g. temperature.

Since the cohesion energy is temperature dependent, the HSP are as well

temperature dependent. With increase in temperature hydrogen bonding and

attraction of the molecules weaken, therefore two of the parameters change. It

is signaled that solvents not appropriate in low temperature, may become

solvents at higher temperatures, e.g. water.

The effect of water and alcohol is discussed in detail further, but it is signaled

that water as solvent is defined more like a small sphere, than a point in space.

Some non-polar polymers, with increase in temperature do not change their

HSP  significantly.  The  water,  by  loosing  the  EH and  EP component at high
temperatures is closing the distance of its Ro to the Ro of such polymers.

This effect is observed in blistering of polymer surfaces casted at high

temperatures in the presence of moisture. Water dissolves at high temperatures

in polymers and then, with cooling, a separation of phases occurs when HSP

change back.

In respect of bitumen, the HSP forms a sphere (Redelius, 2000). Small

portions of bitumen in 40 vials are treated with 40 different solvents. As a result

of miscibility observation the code is assigned to each of the bitumen-solvent

couple. Afterwards the HSP3D program (WRISoft) computes the HSP and the

radius of the sphere. The example results for bitumen from Site 2, 3 and 4 from

HW1 is presented in Figure 26.
In the example described in the body of the summary (section 3.2.) the HSP

(δD/δH/ δP) for chosen solvents were:

- ethanol (15.8/8.8/19.4),

- n-heptan (15.3/0/0)

- chloroform (17.8/3.1./5.7).

Only chloroform’s HSP is located inside the HSP solubility sphere of bitumen

(Figure 25). The n-heptan’s HSP lays outside of the bitumen’s sphere, but it

interlocks with the HSP of maltenes (Redelius, 2000) (Redelius, 2009), hence

n-heptan is not miscible with asphaltenes. The ethanol’s HSP is significantly

different due to the strong hydrogen bonding, causing a situation in which

ethanol’s diffusion through bitumen is not viable.
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Fig. 26. The results of the HSP determination for bitumen specimen prepared from the HW1 –

Site 2 (red), 3 (blue) and 4 (black).

11.5 Gel Permeation Chromatography (GPC)

When a mixture of molecules, such as that present in bitumen, is injected as a

solution on the GPC column the separation into different sizes is achieved by a

differing retention time on the column. The columns are filled with a porous

material, and the larger molecules have a tendency to pass through the column

much faster as they do not penetrate into the pores. The smaller molecules

adsorb and desorb inside of the pores and their elution from the column

typically lasts longer. As a result, a chromatogram is obtained which allows us

to estimate the Molecular Weight Distribution in the material. The GPC

measurements were performed on specimens investigated in article IV.

11.6 X-Ray Fluorescence (XRF)

The principle behind the X-Ray Fluorescence lays in irradiation of the atoms

with X-Ray light and its interaction with electrons. Typically, the high energy X-

Ray incident light has enough of an energy to remove one of the electrons from
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its orbital (typically K) which ionizes the atom leaving the empty electron space.

In order to return to the more stable state, the atom rearranges the remaining

electrons by shifting the electrons from orbital L to K, leaving an empty electron

spot in the orbital L. This in turn allows for another transition of electron from
M to L. As both of those electrons shift from higher energy level to the lower

energy level, they emit an energy portion (quant) during the process (Figure 27).

The fluorescence is as an emission of light by an object after the object was

irradiated  with  light  of  a  different  energy.  Such  secondary  emission  of  X-ray

light from the sample is measured and analyzed.Each of the atoms is having a

particular amount of protons, which influences the energy levels of the orbitals.

Therefore  the  value  of  emitted  energy  in  form  of  light  (both  from  L  to  K

transition and M to L), known as characteristic radiation, allows us to

differentiate between different elements.

Figure 27. Physics of X-ray fluorescence in a schematic representation. The incident X-ray light

excites the atom by ejecting the electron from low energy orbital (K) to high-energy orbitals.

During electron reorganization, the higher energy electrons shift into the vacancy. A

characteristic quant of energy equal to the energy difference between lowest unoccupied orbital

(orbital K) and lowest occupied orbital (typically orbital L) is released (LK transition, K ) and

the process continues between higher energy orbitals (ML transition, L ).

The measurements were performed with a hand-held Thermo Scientific Niton

XL3t  XRF  Analyzer  on  a  fraction  passing  0.063  mm  sieve.  An  SW-846  Test

Method 6200: Field Portable X-Ray Fluorescence Spectrometry for the

Determination of Elemental Concentrations in Soil and Sediment as described

by the Environmental Protection Agency of United States was implemented

(United States Environmental Protection Agency, 2007). The results were
published in this summary as a supplementary information.

11.7 Increase in Softening Point test

The Increase in Ring and Ball Softening Point test was executed in article II

according to SFS-EN 13179-1.

The test compares two temperatures of softening. Two metal rings are filled

with material,  of  which one is  pure bitumen,  and one is  a  mastic  (mixture  of
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bitumen and filler passing 0.125 mm sieve). Those rings with casted material

inside are placed into the liquid, in this case water, and a small metal ball is

placed on top of the rings. The temperature of the water is increased in certain

intervals during the test.
At the point when bitumen starts to become more liquid than solid, the ball is

no longer sustained by the material casted into the ring and the ball falls through

on the bottom. Typically, the bitumen softens at lower temperatures than mastic

and that temperature, also known as Softening Point of bitumen, is recorded

first (Figure 28, the left ball). Afterwards the temperature continues to increase

and the ring with mastic casted inside gives in as well (Figure 28, right ball). The

difference between those temperatures is known as R&B.

Fig. 28. The picture collected during the R&B Softening Point test at the time when the mastic
filled ring softens.

The aspects connected with the composition of mastics used in this test,

especially its volumetric properties, are discussed in detail in article II.

11.8 Dynamic Shear Rheometer based measurements

The Dynamic Shear Rheomether (DSR) is a device, which allows us to study the

viscoelastic properties of bitumen at multiple temperatures and loading

frequencies (Anderson, et al., 1994) (Airey, 1997).

Three measuring equipment were used – Reologica StressTech rheometer

(article I), MCR 302 device with a Peltier temperature control system (Anton

Paar, Austria, article V) and the measurements performed for the article IV were

obtained from the Nynas Oy laboratories.
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11.8.1 Performance parameters

The bitumen ring is casted between two parallel plates, of which one is

stationary and one is oscillated with respect to the other at preselected

frequencies and rotational deformation amplitudes. The time lag between the

shear stress ( ) and responding strain ( ) is known as phase angle ( ). From the

relationship between ,  and , the values of complex shear modulus (G*) can

be calculated from equation:

𝐺∗ = cos 𝛿 + 𝑖 sin 𝛿 = 𝐺 + 𝑖𝐺 (30)

where  0 – amplitude of shear stress [Pa]

0 – amplitude of shear strain

G’ – storage modulus [Pa]

G’’ – loss modulus [Pa]
The phase angle limiting values determine if the material is purely elastic (0°)

or purely viscous (90°). This is why during the Strategic Highway Research

Program (SHRP), the relationship between G* and  were found to describe

parameters consistent with rutting prevention (G*/sin ) and fatigue cracking

prevention ((G*)sin ). Determination of the parameters is conducted according

to the AASHTO T 315 standard, while maximum values for fatigue parameter

and minimum values for rutting parameter are provided in the Superpave

Performance Grading system (Dore & Zubeck, 2009).

Finally yet importantly, the Glover-Rowe parameter (Kandhal, 1977) (Glover,

et al., 2005) (Rowe, 2011) (Rowe, et al., 2016), described in detail in article V,

developed after the SHRP allows us to estimate the performance of the
pavement at low temperatures, and to predict its resistance to block and thermal

cracking.

11.8.2 Blending

The DSR measurements were proposed as a surrogate for the existing

measurements used in the so-called penetration grading, still in use in Finland.

In the Penetration grading a set of five empirical measurements is used to grade

the bitumen, namely Penetration at 25°C, Softening Point, kinematic and

dynamic viscosity, as well as Fraass breaking point temperature (Dore &
Zubeck, 2009). The DSR analysis can be performed over the range of

temperatures, specific for available geometries and equipment parameters.

Prior to date, the Penetration based equation
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𝑃𝑒𝑛25℃ = 10 ∗ ℃ ∗  ( ℃ )
(31)

where A+B=100, and A is the content of the new bitumen in the final blend

[%], B is the content of the old bitumen in the final blend [%], Pen25°Cblend –

Penetration at 25 °C of the obtained blend, Pen25°Cfresh – Penetration of the

fresh bitumen at 25 °C, Pen25°Caged  – Penetration of the aged bitumen at 25 °C;

was used for calculation of required material in blends of fresh and recycled

material (Finnish Pavement Technology Advisory Council, 2000)

 However, one of the biggest challenges of using this equation is the fact that

the measurement of Penetration is impossible to execute on rejuvenators. Even

the soft bitumen such as 650/900 have that value measured at 15°C as opposed

to 25°C. The moment the viscosity grade bitumens are considered such as V1500
and V3000 we are facing a problem, as those materials do not have measurable

Penetration value. The rheological properties of those materials are typically

established at higher temperatures, e.g. viscosity at 60°C. However, G* can be

established for soft bitumen from DSR analysis.

It was proposed that Penetration and G* correlate with each other. The

provided relationships are of course dependent on the database, which has been

used for the calibration of the model.

Aromaa (Aromaa, 2016), based on the data collected from the analysis of

Highway no. 1 (discussed in section 5.1.2.) including aged and raw materials,

proposed correlation for G* at 25°C and f=1,78 Hz:𝑃𝑒𝑛25℃ = 262783 ∗ |𝐺∗| , (32).

Blomberg (article IV) developed for standard paving grade bitumens by Nynas

Oy, for G* at 30°C and f = 1,59 Hz:𝑃𝑒𝑛25℃ = 260236 ∗ |𝐺∗| , (33).

In article IV, the possibility of using the penetration based equation, but by

incorporation of complex modulus as a surrogate of Penetration was explored

by using below equation:𝑙𝑜𝑔𝐺∗ = 𝐴 ∗ 𝑙𝑜𝑔𝐺∗ +  𝐵 ∗ 𝑙𝑜𝑔𝐺∗ (34),

where G*blend is a complex modulus of the resulting blend at reference

temperature, G*aged is a complex modulus of the aged bitumen at reference

temperature, G*fresh is a complex modulus of the fresh bitumen at reference

temperature. Specific temperature and frequency should be used in line with

equations 30 and 31 in order to assure similar result to that from equation 29.

11.8.3 Zero Shear Viscosity and activation energy of flow

Using the results of the results of the analysis conducted with DSR (Painter &

Coleman, 1997), the complex viscosity ( *) of the binder can be calculated from

the equation:
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𝜂∗ = | ∗| (35),

where  is an angular frequency [rad/s].

Zero Shear Viscosity (ZSV) is the complex viscosity at the lowest shear rate. In

other words, it is the maximum plateau attained as the shear rate approaches

minimum. ZSV is a viscosity of a product at rest. Figure 29 presents the viscous

flow curves for bitumen recovered from Site 1 at temperatures between 30 and

90°C. As can be seen, the plateau is observable at temperatures above 50°C and

we used temperatures of 60°C and more for the reading of ZSV.

Fig. 29. Viscous flow curves for bitumen 1AC recovered from Highway no. 1, Site 1, before the

HIR’13.

As was stated in point 3.2., the viscosity depends on the activation energy of

flow and that relationship can be expressed with Eq. (3). After taking the natural

logarithm of eq. (3), we achieve a linear relationship between inverse

temperature and ln( 0):ln 𝜂 = ln 𝐵 + _ (36)

Plotting  ZSV  ( 0) as a function of inverse temperature in the temperature

range above 60°C we are able to determine the slope and intercept of the

straight line (Figure 30).

The Ea_flow can be calculated from the slope values, and the evaluation of it for

all tested binders on Highway no. 1 is provided in Table 1 (Section 3.2.) while

for Ring Road II in the work of Laukkanen et al. (Laukkanen, et al., 2013).
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Considering that ZSV established by Laukkanen et al. (112 kJ/mol*K) and

from  data  provided  by  Aromaa  (112  kJ/mol*K),  the  repeatability  for  this

methodology between machines and operators seems to be sufficient. The data

provided  from  Nynas  Oy  was  not  complete  for  exact  evaluation  of  Ea_flow (no
shear rate provided) and the estimation of ZSV were conducted differently,

based on the * at lowest  (0,0159 Hz) between 60-90°C (119 kJ/mol*K).

Fig. 30. The graphical solution of the equation (34) for chosen binders used during the HW1

case study evaluation.
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