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Summary
Globally, the recycling of construction and demolition waste (CDW) has become an impor-
tant element in the construction industry. The road industry, in particular, has adopted this
element very well. In the Netherlands, recycling rates of up to 100% are reached regarding
Reclaimed Asphalt Pavement (RAP). However, in the case of surface courses, this RAP ma-
terial is mostly recycled in the form of Hot Mix Asphalt (HMA). This requires a considerable
amount of energy compared to Cold Mix Asphalt (CMA), which is undesirable. However,
partly due to the material properties of RAP, CMA’s with 100% RAP are unsuitable for
surface courses. NTP, a Dutch innovative and sustainable operating company in the Grond-,
Weg- en Waterbouw (GWW) sector wants to find a way to ensure that cold in-situ recy-
cling (CIR) can be applied to surface courses and potentially be able to define what asphalt
pavement surfaces are eligible for this rehabilitation treatment.

This study focuses on improving the gradation characteristics of RAP material by performing
a gap analysis. In this gap analysis, the state-of-practice regarding cold milling equipment and
processes and their impact on RAP gradation is identified. This is done through a systematic
literature review and a sieve analysis performed in accordance with NEN-EN 12697-2. This
RAP gradation is then compared to the regulations defined in the NEN-Norms and the
CROW Standaard RAW bepalingen 2020, to define the quality gap. Based on this quality
gap, solutions for improving the RAP gradation and ultimately bridge the quality gap are
identified. These solutions are then evaluated based on their potential effectiveness to bridge
the quality gap. For the most suitable solution, an impact analysis was performed.

In this study, it was found that the current cold milling equipment and process caused high
RAP clustering, leading to the material being too coarse graded compared to the regulations.
CIR can either be applied with a single-unit train or a multi-unit train, with solutions in-
cluding optimizing travel speed and drum configuration (pick spacing and cutting direction)
for the single-unit train, and adding a mobile crushing and screening unit for the multi-unit
train. Additionally, two other hypothetical solutions were identified: Ultrasonic vibrations
and steam induced asphalt-aggregate segregations. However, these solutions were not tested
and developed sufficiently to be applied in the field. Of the other two options, optimizing
the operating parameters and the drum configuration appeared to be the best option based
on expert opinion and equipment availability. Reducing the travel speed and the pick spac-
ing while ensuring a down-cutting motion of the milling drum, can result in a finer graded
RAP material. In the impact analysis, it was concluded that if the assumptions for the
effect of the travel speed and the pick spacing are accurate, the gradation of RAP material
will be in accordance with the regulations in most scenarios. This suggests that this solu-
tion can potentially effectively reduce the effect of clustering and thereby improve the RAP
gradation.

To improve the accuracy of the results, the effect of the operating parameters and drum con-
figuration has to be further researched. Additionally, it has to be determined if the resulting
RAP gradations are of sufficient quality to create a CMA, which is in accordance with the
required performance properties defined in the Standaard RAW bepalingen 2020.
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Samenvatting
Wereldwijd is het recyclen van bouw- en sloopafval (CDW) een belangrijk element gewor-
den in de bouwsector. Met name de wegenbouw sector heeft dit element goed omarmd. In
Nederland worden recyclingpercentages van 100% bereikt voor freesmateriaal. Echter, in het
geval van deklagen wordt dit freesmateriaal meestal gerecycled in de vorm van warme asfalt-
mengsels (HMA). Dit vereist een aanzienlijk hogere hoeveelheid energie in vergelijking met
koude asfaltmengsels (CMA), wat ongewenst is. Echter is het 100% recyclen van freesmate-
riaal in CMA’s voor deklagen, deels door de materiaal eigenschappen van het freesmateriaal,
niet mogelijk.

NTP, een innovatieve en duurzame onderneming in de GWW-sector (Grond-, Weg- en Water-
bouw), wil een manier vinden om ervoor te zorgen dat koud in-situ recycling (CIR) toegepast
kan worden op deklagen en mogelijk bepalen welke asfaltverhardingen in aanmerking komen
voor deze onderhoudstechniek.

Deze scriptie richt zich op het verbeteren van de gradatie-eigenschappen van freesmateri-
aal door het uitvoeren van een gap-analyse. In deze gap-analyse wordt de stand van zaken
met betrekking tot koudfrezenapparatuur en processen en hun invloed op de RAP-gradatie
geïdentificeerd. Dit wordt gedaan door middel van een systematische literatuurstudie en
een zeefanalyse uitgevoerd volgens NEN-EN 12697-2. Deze RAP-gradatie wordt vervolgens
vergeleken met de voorschriften gedefinieerd in de NEN-Normen en de CROW Standaard
RAW bepalingen 2020, om de "quality gap" te definiëren. Op basis van deze quality gap wor-
den oplossingen geïdentificeerd om de RAP-gradatie te verbeteren en uiteindelijk de quality
gap te overbruggen. Deze oplossingen worden vervolgens geëvalueerd op hun potentiële ef-
fectiviteit om de quality gap te overbruggen. Voor de meest geschikte oplossing werd een
impactanalyse uitgevoerd.

In deze scriptie werd vastgesteld dat de huidige koudfrezenapparatuur en het proces leidde
tot hoge RAP-agglomeratie, waardoor het materiaal een te grove gradatie had in vergelijking
met de voorschriften. CIR kan zowel met een single-unit train als een multi-unit train worden
toegepast, met oplossingen zoals het optimaliseren van de rijsnelheid en de freeskop configu-
ratie (lijnafstand en snijrichting) voor de single-unit train, en het toevoegen van een mobiele
breek- en zeef unit voor de multi-unit train. Daarnaast werden twee andere hypothetische
oplossingen geïdentificeerd: Ultrasone trillingen en stoom-geïnduceerde asfalt-steenslag seg-
regatie. Deze oplossingen waren echter niet voldoende getest en ontwikkeld om in het veld toe
te passen. Van de andere twee opties bleek het optimaliseren van de freesparameters en de
freeskopconfiguratie de beste optie te zijn op basis van de mening van experts en de beschik-
baarheid van apparatuur. Het verlagen van de rijsnelheid en de lijnafstand kan leiden tot
een fijnere gradatie. In de impactanalyse werd geconcludeerd dat, als de aannames voor het
effect van de rijsnelheid en de lijnafstand accuraat zijn, de gradatie van het RAP-materiaal
in de meeste gevallen in overeenstemming zal zijn met de voorschriften. Dit suggereert dat
deze oplossing mogelijk effectief de effecten van agglomeratie kan verminderen en daarmee
de RAP-gradatie kan verbeteren.

Om de nauwkeurigheid van de resultaten te verbeteren, moet het effect van de freesparameters
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en freeskopconfiguratie verder worden onderzocht. Daarnaast moet worden bepaald of de
resulterende RAP-gradaties van voldoende kwaliteit zijn om een CMA te maken, die voldoet
aan de vereiste prestatie-eigenschappen zoals gedefinieerd in de Standaard RAW bepalingen
2020.
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1 Introduction
Globally, the rate of urbanization has been increasing rapidly (Ritchie et al., 2018). This
urbanization is fueled by the construction of all sorts of structures, including housing, in-
frastructure and facilities. In turn, this requires more and more building materials, which
can result in scarcity of materials. Furthermore, the use of these materials has a negative
impact on the environment. Consequently, CDW has become an important element in the
construction industry.

In particular, the road industry has adopted this element very well. In the Netherlands, a
leading country in this aspect, recycling rates of up to 100% percent are seen in different
categories of materials. RAP, the material that is obtained after the removal of asphalt
pavement, falls in this 100% recycling category (Holtz & Eighmy, 2000). RAP can be recycled
in multiple pavement layers or courses, including base, binder and surface. This is done with
either a CMA or a HMA. Surface courses are almost always paved in the form of a HMA.
Otherwise, multiple problems arise such as low riding quality, performance and durability
(Modarres et al., 2014). However, HMA is produced at a higher temperature, resulting in a
higher energy consumption during production compared to CMA (Milad et al., 2022). It is
therefore favorable to use CMA as frequent as possible for pavement construction.

1.1 Problem statement
NTP, a Dutch innovative and sustainable operating company in the GWW sector strives to
handle raw materials carefully and responsibly and focus on the re-use of materials, which
is embedded in their broader set of sustainability goals. One of their goals regarding this is
to increase on-site recycling. As a part of this, NTP wants to find a way to ensure that CIR
can be applied to surface courses and potentially be able to define what asphalt pavement
surfaces are eligible for this rehabilitation treatment.

CIR of asphalt pavement is a widely recognized eco-friendly pavement rehabilitation practice
(Jin et al., 2021). The main advantages of the practice are the re-use of materials and the
elimination of hauling materials (the in-situ element), making it a timesaving and environ-
mentally friendly technique. However, in most cases, this practice is used for binder- and
base courses and not for surface courses. A difference between these courses lies in the gra-
dation of the aggregates. The required aggregates in surface courses are often finer than in
binder- and base courses. Furthermore, a higher degree of uniformity is required in surface
course to ensure a smooth pavement surface. According to Yao et al., 2024, the main prob-
lems regarding RAP quality after cold milling are clustering and crushed aggregates. Many
studies focus on elements of the CIR procedure related to binders, additives and compaction
techniques. However, few studies focus on the quality of the RAP because it is seen as an
uncontrollable factor. Modarres et al., 2014, listed several reasons on why CIR should not
be performed for surface courses, including: low abrasion resistance against heavy vehicles,
relatively high air void content, high permeability (will affect durability) and relative lack
of smoothness. Currently, pavement layers produced with CIR practices almost always re-
quire a HMA course to be laid on top to solve the mentioned problems. These problems are
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mostly caused by the lack of quality of RAP. Ultimately, the problem is that the currently
used cold milling techniques are not able to provide the required quality RAP material to be
cold in-situ recycled as surface courses.

1.2 Research motivation
Globally, aspects such as sustainability and circularity are becoming increasingly important
due to the resulting effects when these aspects are disregarded. As discussed in the intro-
duction, incorporating CDW as materials in new structures and products can enhance the
circularity of the industry. This would reduce the negative effects, such as climate change and
material scarcity. As of now, the incorporation of 100% RAP in surface courses through CIR
is not possible due to several challenges, resulting in the consumption of virgin materials.
Furthermore, the need for HMA or warm mix asphalt (WMA) demands more energy con-
sumption. It is therefore important to eliminate this need for virgin materials by investigating
ways to overcome the challenges of CIR for surface courses.

1.3 Reading guide
In this reading guide, the structure of this study and the content of each section will be
outlined. In the previous part of this section, the problem that this study aims to solve has
been stated. In the next section, section 2, the theoretical framework will be discussed. This
section will provide the necessary information to understand the concept of CIR, as well as
the status of implementation in the Netherlands and the implications for surface courses. In
section 3 the framework along which the study will be executed is discussed. This includes
the research objective, the research questions that will be answered to achieve the research
objective and the research scope. In section 4, the methods that will be used to answer each
research question are discussed.

In section 5, the results of the research questions are discussed in five different subsections.
In subsection 5.1, the first sub-research question will be answered by discussing the state-
of-practice of cold milling equipment and process and their impact on RAP gradation. This
will be followed by a regulation review in subsection 5.2. In subsection 5.3, the RAP grada-
tions obtained in subsection 5.1 are compared to the regulations defined in subsection 5.2.
Based on this comparison, potential solutions to solve the identified problem are discussed
in subsection 5.4. This includes an assessment of the most suitable option and an impact
analysis. In the last subsection, subsection 5.5, requirements for an asphalt surface course to
be eligible for CIR rehabilitation treatment are identified.

In section 6, limitations in the execution of the methodology as well as the limitations of the
results are discussed. In the conclusion (section 7), a final answer is given to each of the sub-
research questions as well as the main research question. The study is concluded by giving
recommendations to NTP, asphalt milling and paving companies and machine manufactures,
as well as suggesting topics for further research (section 8).

NTP & University of Twente 2



Bachelor Thesis - M.Arling 2 THEORETICAL FRAMEWORK

2 Theoretical framework
This chapter provides a review of literature on relevant topics to give an overview of the
elements involved in the problem and type of research already performed. This entails an
explanation of the state of practice of CIR, including processes, recycling agents and re-using
materials. Furthermore, the identified problems with using CIR practice for surface courses
are also mentioned.

2.1 Asphalt recycling and rehabilitation
Essentially, asphalt recycling can be divided into two types based on temperature: Hot recy-
cling (HR) and cold recycling (CR). Additionally, cold recycling can be further classified into
three categories, being cold central-plant recycling (CCPR), CIR and full-depth reclamation
(FDR) (Liu et al., 2022). This categorization is based on the concepts of construction tech-
nology (Xiao et al., 2018). The principle of CIR, which will be the focus of this research will
be further discussed in subsection 2.2.

2.2 Basic principles of CIR
The CIR process is an on-site asphalt pavement rehabilitation technique that utilizes a train of
specialized equipment possibly consisting of tanker trucks, milling machines, crushing/screen-
ing/sizing units, mixers, pavers and compaction rollers.

2.2.1 CIR process

Essentially, the process consists of the following steps: Milling and crushing of the exist-
ing pavement, mixing and addition of a recycling agent, paving, in-place compaction and
placement of the surface course (Sebaaly et al., 2018).

1. Milling and crushing of the existing pavement

2. Mixing and addition of a recycling agent

3. Lay down

4. In-place compaction

5. Placement of the wearing course

This process is a continuous cycle, thus eliminating the need for hauling trucks, which is
one of the major advantages of this technique. Typically, the CIR process is performed at
a depth within the range of 50-125 mm (Bowers et al., 2022). According to Xiao et al.,
2018, this range is typically 65-125 mm for partially depth reclamation (CIR). According to
Bowers et al., 2022, CIR projects can be completed using a single-unit train and a multi-unit
train. Xiao et al., 2018, distinguishes three types of CIR operations, which is displayed in
Figure 1.
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Figure 1: Categorization of CIR operations (Xiao et al., 2018)

A single-unit train includes a milling machine with a down-cut cutting head, meaning it
rotates counterclockwise when moving left to right, to remove the pavement to a desired
depth. The produced RAP is mixed with a recycling agent at the cutter head and this
mixture is transferred into a paver. In this process, there is no crushing and screening unit.
Multi-unit trains, on the other hand, do include a crushing/screening unit (Bowers et al.,
2022).

2.2.2 Recycling agents

Extensive research has been performed on asphalt recycling agents. Liu et al., 2022, makes
a distinction between stabilizing agents and rejuvenating agents. On the other hand, Xiao
et al., 2018, only uses the term stabilizing agents and categorizes between bituminous sta-
bilizing agents and cementitious stabilizing agents and these terms correspond to the terms
used by Liu et al., 2022 respectively. The most frequently used stabilizing agents are emul-
sified asphalt and foamed asphalt, with the majority being emulsified asphalt (Liu et al.,
2022)(Xiao et al., 2018). Emulsified asphalt is obtained by emulsifying bitumen and water
using emulsifying agents and typically consists of 60% bitumen and 40% water. Recycling
with foamed bitumen requires a process that adds small amounts of water to hot penetration-
grade bitumen (Lewis & Collings, 1999). The most frequently used rejuvenating agents are
cement and lime, although research is being done in the suitability of bio-based oils as re-
juvenating agents (Ingrassia et al., 2019). Additionally, in some studies, researchers have
examined the effects of incorporating cement into foamed- and emulsified asphalt mixtures
(Liu et al., 2022). Xiao et al., 2018 also discusses the use of fly-ash as a cementitious sta-
bilizing agent. Based on a study performed by the University of Kansas, it was concluded
that the incorporation of fly-ash resulted in an increase of the strength of the mix, enhanced
resistance to moisture damage, a decrease in permeability and lower potential for wheel path
rutting (Cross & Fager, n.d.). Apart from bituminous and cementitious stabilizing agents,
other additives are sometimes also incorporated in CIR mixtures. Jiang et al., 2020 ex-
plores the incorporation of three different polymers, being Styrene–butadiene rubber (SBR)
latex, styrene-ethylene–butylene-styrene (SEBS) copolymer and chloroprene rubber (CR) la-
tex. Modified emulsified asphalt has the potential to be used in layers closer to the surface
as the temperature- and rutting resistance features are said to be improved.
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2.3 Applications in the Netherlands
In the Netherlands, cold in-situ recycling is not applied frequently as a pavement rehabili-
tation technique. However, in the last couple of years, the method is becoming increasingly
popular. In 2022, KWS, part of a Dutch construction company called VolkerWessels, ex-
ecuted a pilot project utilizing a cold asphalt recycling train (CART). In this project, the
existing pavement was repaved as a base course. Beforehand, a mixture of cement and sand
was spread on the pavement, after which it was milled with a in-situ foaming bitumen milling
machine from Wirtgen. This machine mills the existing pavement, mixes the material with
foaming bitumen and directly transfers it to a paver. The CART consisted of a water- and
foaming bitumen tanker up front, followed by the foaming bitumen milling machine and an
asphalt paver and roller (VolkerWessels, 2022). In early 2024, another construction company,
BAM, applied an identical method. However, in this case, the existing pavement was repaved
as a binder course (BAM, 2024). Rijkswaterstaat also initiated a pilot project in which it
aims to use an ART (Asphalt Recycling Train) to rehabilitate surface courses. However,
in contrast to the CART, the ART utilizes heat to soften the existing pavement, which en-
sures that the milled material has a sufficient gradation (Rijkswaterstaat, 2024). The use of
heat in an in-situ pavement rehabiliation technique is undesirable as it increases the energy
consumption relative to a cold recycling procedure.

2.4 Implications for surface courses
A common element of the mentioned literature on the CIR process and used recycling agents
is that it is applied to sub-surface courses, mostly base/sub-base courses that experience
low-volume traffic. Modarres et al., 2014, listed several reasons on why CIR should not be
performed for surface courses, including: low abrasion resistance against impact of heavy ve-
hicles especially during initial curing time, relatively high air void content, high permeability
(will affect durability) and relative lack of smoothness. Furthermore, a higher content of water
in mixtures and the initial stiffness caused by the addition of cement or pozzolanic additives
both reduce the compactibility of the pavement layer, resulting in a higher air void content.
Consequently, the roughness of the pavement layer could be increased. Vázquez et al., 2021,
states that the reasons CIR is currently not frequently applied to surface courses, are the
weak early-life strength and a relatively long curing time. Additionally, lower stability, lower
ITS (Indirect Tensile Strength) values, and high risks of cracking and moisture damage are
also limiting factors for using CIR for surface courses (Zhao et al., 2022). The list displayed
below summarizes the possible limitations of CIR mixtures for surface courses.

• Low abrasion resistance & indirect tensile strength, especially in early life

• High air void content

• High permeability

• Lack of smoothness/increased roughness

• Long curing time
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3 Research framework
In this chapter, the research framework, along which the study will be executed, is discussed.
This includes the research objective, the research questions that will be answered to achieve
the research objective and the research scope.

3.1 Research objective
The research objective is to create an overview of the gradation characteristics of RAP pro-
duced through state-of-practice cold milling equipment and processes alongside the required
gradation standards for surface course applications, to help identify innovative techniques and
assess their effectiveness in improving RAP to be used in surface course applications.

3.2 Research questions
The main research question that will be answered in this by this study is listed below.

How can advancements in cold milling processes and equipment improve the
gradation characteristics of Reclaimed Asphalt Pavement (RAP) to meet the
requirements for surface course materials?

In order to answer this research question, the following sub-questions should be answered:

• What equipment and processes are currently used in cold milling, and how do they
impact RAP gradation characteristics?

• What are the specific gradation requirements for RAP used in surface course material,
and how do current RAP characteristics compare?

• What new techniques are available that can improve the gradation characteristics of
RAP and what impact do these techniques have on meeting the required gradation
standards for surface courses?

• What factors should be considered to determine if a specific surface course is eligible
for CIR?

3.3 Research scope
In order to ensure that the study can be completed within the timeframe of 10 weeks, it is
important to define the research scope. In the process of recycling RAP, several material prop-
erties are important to consider. This includes, among others, gradation, bitumen content
and angularity. However, in this study, only the gradation characteristics will be examined.
Additionally, design requirements and relevant regulations will be based on NEN-norms and
CROW Standaard RAW bepalingen 2020 (CROW, 2020). The design requirements are based
on allowed grading envelopes and not on performance properties.
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4 Methodology
This section will elaborate on the research methods that will be utilized to answer the sub
research questions and ultimately the main research question. First, the general research
methodology, which is structured in a research model, will be discussed. After this, a more
detailed description will be given for the different research steps.

4.1 Research model
A research model will help ensure that all steps necessary to achieve the research objec-
tive are defined properly and incorporated in the right manner. The model is displayed in
Figure 2.

Figure 2: Research Model

The model is composed of five phases, which will be completed in the defined order with some
overlap between them. In phase 1, sub-research question (SRQ) 1 will be answered, while
SRQ2 will be partly answered. In phase 2, the remaining part of SRQ2 will be answered by
comparing the results from SRQ1 and SRQ2. In phase 3, information from phase 2 is used to
fuel a search for answers on SRQ4. Additionally, in this phase, information will be gathered
to answer SRQ3, which will ultimately be done in phase 4. In phase 4, the solutions found
in phase 3 will be evaluated with an impact analysis to ultimately give a final answer on
SRQ4. In phase 5, the answers to SRQ3 and SRQ4 will be used to construct an overview of
recommendations for possible effective strategies.

4.2 Phase 1: Defining the state-of-practice and the regulations
In this phase, the state-of-practice regarding the cold milling equipment and process will be
identified and defined. Additionally, the gradation characteristics of RAP acquired through
the current cold milling equipment and process will be analyzed and described. As displayed
in the research model, SRQ1 will be answered using three research techniques. First, an
observational field study will be performed to gain information about the currently used
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cold milling equipment and process, which will be complemented with a systematic literature
study. Simultaneously, RAP samples from a cold milling procedure will be analyzed with
a sieve analysis. The procedure of the sieve analysis shall be conforming the procedure
defined in NEN-EN 12697-2. Lastly, the obtained results shall be compared to results from
other similar studies for validation and get an image of the general situation regarding RAP
gradation.

Furthermore, in this phase the required gradation characteristics, according to the regula-
tions, for surface courses of different type of asphalt mixes and the incorporation of RAP
in these courses will be defined. The regulations that will be reviewed are the NEN-norms,
in particular the NEN-EN 13108 series and the CROW Standaard RAW bepalingen 2020
(CROW, 2020). The NEN- norms can be accessed with the University’s access through
NEN-connect, while the CROW Standaard RAW bepalingen 2020 is provided by NTP.

4.3 Phase 2: Defining the quality Gap
In this phase, the results of phase 1 will be used to identify the "quality gap". The quality
gap corresponds to the difference in gradation between the regulations and the RAP material
from the sieve analysis and literature. For this the gradation requirements according to the
regulations will be compared to the results from the sieve analysis and literature study. This
will be done based on general gradation requirements, but also RAP homogeneity.

4.4 Phase 3: Search for solutions
The "Quality Gap" defined in phase 2 forms the basis for an exploratorive study for innova-
tive cold milling techniques in the form of a semi-systematic literature study. Furthermore,
expert interview(s) (listed in Appendix A) on cold milling equipment and processes will pro-
vide additional information on innovative techniques. The combination of these research
strategies will likely ensure that adequate information is acquired. If the execution of one
of the strategies fails to provide information, the other strategy will likely compensate for
this. Ultimately, the effectiveness of the identified techniques will be assessed on their ability
to bridge the defined quality gap. Additionally, a semi-systematic literature study on fac-
tors influencing the effectiveness and performance of a CIR rehabilitated pavement will be
performed. This literature study will be complemented with the findings from the expert
interview(s) (listed in Appendix A).

4.5 Phase 4: Impact analysis
In the fourth phase, an impact analysis of the proposed solution(s) will be performed. This
impact analysis will be in the form of a scenario analysis. In this scenario analysis, multiple
possible scenarios based on different combinations of parameter values and their possible
influence on gradation, will be tested for their effectiveness in bridging the quality gap.
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4.6 Step 5: Overview of strategies
In the last phase, the findings from phase 4 will be presented. In this phase, the main research
question will be answered. This will be discussed in section 7 and section 8.
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5 Results

5.1 State-of-practice
In this section, aspects of the state-of-practice of the cold milling process and technology
and its impacts on RAP gradation will be discussed. In subsubsection 5.1.1, the current cold
milling technology and process will be discussed. This will be followed by a discussion on
RAP gradation characteristics obtained through literature study (subsubsection 5.1.2) and a
sieve analysis (subsubsection 5.1.3).

5.1.1 Current milling equipment and process

As discussed in subsubsection 2.2.1, CIR can either be performed with a single-unit recycling
train or a multi-unit recycling train. However, both of these methods utilize a cold milling
machine to remove the existing asphalt pavement course. The equipment and process that
is currently used for this in the Netherlands is discussed in this section.

Equipment

In the Netherlands, leading asphalt milling companies, such as Freesmij, Aduco and Freesver-
huur Ommen, only use cold milling machines from Wirtgen. Wirtgen is a leading manufac-
turer of cold milling machines and distinguishes between three types of regular cold milling
machines: small, compact and large. Additionally, Wirtgen also offers cold recyclers. In the
case of cold in-situ recycling either large cold milling machines or cold recyclers are used. The
large cold milling machines have a wide range of applicability, which extends from complete
removal up to a depth of 35 cm in a single pass, rehabilitation of concrete pavements and
airport runways as well as fine milling to improve pavement skid resistance (WIRTGEN,
2024). In total, there are five different large cold milling machines: the W200 Fi, the W200
Hi, the W210 Fi, the W220 XF and the W250 Fi. Between these configurations, there is a
distinction in milling width, maximum milling depth, maximum power and operating weight.
In addition to the capabilities of a cold milling machine, cold recyclers are equipped with
mixing unit, which can create a CMA using foaming bitumen or bitumen emulsion (WIRT-
GEN, n.d.-b). In total there are 2 different cold recyclers: the W240 CRi and the W380CRi.
Between these types, there is a distinction between milling width and operating weight.

A typical cold milling machine (Figure B.1) consists of at least the following components:
a powerful engine, steerable crawler units, a milling drum, an operator platform, and a
conveyor belt often equipped with a vacuum cutting system for the extraction of fine material
particles (WIRTGEN, n.d.-a). As discussed, a cold recycler (Figure B.2) is also equipped
with a mixing unit in addition to the mentioned components (WIRTGEN, n.d.-b). According
to Wirtgen, the key technologies to remove pavement efficiently are the cutting technology,
machine control technology, and leveling technology. The milling drum, displayed in Figure 3,
is attached with pick holders, which in turn are attached with picks. These round shaft picks
are equipped with carbide pick tips to increase the hardness of the picks. This is said to
increase the milled surface quality and the longevity of the picks. Furthermore, a range
of different configured milling drums allows for the use of a milling drum tailored to the
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requirements of the job. According to expert 1 (Table A.1), milling machines are normally
equipped with a milling drum with an 18 mm spacing between the picks. In the different
configurations, there is a distinction in milling depth, milling width and spacing between
the picks. Furthermore, machine control is an important factor in the production of quality
RAP. Ensuring that machine parameters are consistent throughout the milling process will
increase the uniformity of RAP material, since a change in parameters influences the size
and composition of the material (Zaumanis et al., 2021). The innovative “Mill Assist”,
only available on the F-series generation of machines, automatically optimizes the speed of
the diesel engine, the milling drum, the travel drive, the water system and the machine’s
advance speed. Lastly, proper leveling technology is also important to ensure uniformity,
because changes in depth throughout the milling process can influence the composition of
the RAP material (Zaumanis et al., 2021).

Figure 3: Milling drum of a cold milling machine (WIRTGEN, n.d.-a)

Process

The asphalt milling process is relatively simple: the milling machine is positioned on the to
be milled road section. In front of the machine, a hauling truck captures the RAP material.
Furthermore, the milling machine moves at a constant travel speed if the milling depth is
consistent. If the required milling depth changes, the travel speed is adjusted accordingly.
Apart from the milling depth and travel speed, other parameters that can be adjusted during
the milling process are the drum rotational speed, the water injection and conveyor speed.
According to expert 1 (Table A.1), the focus during cold milling currently lies mostly on the
quality and quantity. In this, the quality means the condition, in terms of smoothness and
uniformity, of the remaining layer after cold milling. Quantity denotes the productivity of
the operation in square meters of pavement milled in a certain time metric. However, upon
request, emphasis can be placed on other aspects, which also includes a focus on the quality
of the RAP.

Yao et al., 2024, visualized the trajectory of the milling picks attached to the milling drum.
This visualization gives an overview of the cutting path and cutting area of each pick and
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is displayed in Figure 4(a). The impact of the milling drum picks and its specific trajectory
can cause aggregate breakage, which changes the structure of the original aggregates. This
phenomenon is visualized in Figure 4(b) and is further discussed in subsubsection 5.1.2.

Figure 4: (a) Cutting area and cutting path of as single cutter during the milling process
(Yao et al., 2024); (b) Schematic diagram of the breakdown during milling operation (Yang
et al., 2021)

5.1.2 RAP gradation characteristics: literature

RAP consists of two components (Sebaaly et al., 2018):

• RAP aggregate, which is the aggregate part of the reclaimed asphalt.

• RAP binder, which consists of the asphalt cement of the reclaimed asphalt.

Typically, these two components are clustered and form larger sized chunks than the initial
aggregates. The RAP aggregates present in these clustered chunks are often partially or
completely crushed. Consequently, the type of aggregate breakage from the RAP chunks can
be categorized into two classes (Figure 5). The partially crushed RAP aggregates do not
significantly differ from the original morphology of the aggregate. In contrast, completely
crushed RAP aggregates will have a different morphology compared to the original aggregate.
This typically leads to a reduce in volume, while the particles often consist of a substantial
amount of binder. Ultimately, this causes implications for the utilization of RAP in new
asphalt mixtures (Yao et al., 2024). Various studies performed on the effect of cold milling
on the gradation characteristics of RAP are reviewed in the sections below.
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Figure 5: Classification of the type of breakage of RAP chunks (Yao et al., 2024)

In this study, Yao et al., 2024 examined RAP clustering and RAP aggregate breakdown
during a cold milling procedure executed on an expressway in Southeast China. The original
pavement structure consisted of three layers, including a 4 cm AC-16 upper layer, 6 cm AC-20
middle layer, and 8 cm AC-25 lower layer, employing basalt aggregate in the upper layer and
limestone aggregate in the middle and lower layers. The AC-16 upper layer was milled using
the Wirtgen W 2000 cold milling machine, with a milling rotation of 100 rounds per minute.
The obtained RAP samples were examined in two forms. First RAP particles were examined,
which is the original material obtained from the milling procedure. Consequently, from this
material, the individual RAP aggregates are extracted from the binder through a centrifugal
separation method. Both materials are compared to the original pavement gradation, which
was determined by core drilling sampling. In Figure B.5, the resulting particle and aggre-
gate gradation obtained through a sieving analysis is displayed. From this figure, it becomes
evident that RAP particle gradations were lower than the RAP aggregate gradations. Fur-
thermore, the aggregate gradation of RAP is generally closer to the gradation of the original
pavement. However, there is a slight difference as the grading curves of the RAP aggregates
are suggesting an overall finer gradation compared to the original aggregates. A cause for
this could be aggregate breakage, of which the concept is discussed in subsubsection 5.1.1
and earlier in this section. The position of the grading curves of the RAP particle gradation
indicates the effect of clustering.

Yang et al., 2021, performed a similar study on RAP clustering and RAP aggregate break-
down. In this study, RAP samples obtained from a milling procedure off another expressway
located in Southeast China were examined. The original pavement’s structure consists of a
4 cm AC-13 diabase upper layer, a 6 cm AC-16 limestone middle layer, and an 8 cm AC-
16 lower layer. The pavement was milled using a Wirtgen W 2000 cold milling machine.
Similar to the research performed by Yao et al., 2024, Yang et al., 2021, also distinguishes
between RAP particles and RAP aggregates using the same definitions and a similar sieve
analysis procedure. First the sieve analysis is performed on the RAP particles, after which
the aggregates are extracted from the RAP particles using a centrifugal extraction method.
The gradation of both materials were compared to the gradation of the original pavement.
The results of the sieve analysis of the AC-13 upper layer is displayed in figure Figure B.6.
From this figure, it can be concluded that the gradation of RAP particles are significantly
higher than the gradation of the RAP aggregates. Additionally, the RAP aggregates have
a similar grading curve to the original gradation. These results correspond to the results
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obtained by Yao et al., 2024. According to Yang et al., 2021, approximately 0.1%–1.8% more
filler, 0.2%–8.7% more fine aggregate, and 2.4%–9.1% less coarse aggregate is produced by
milling when compared to the original materials. This is the effect of aggregate breakdown
and applies to the RAP aggregates, thus the material obtained after binder extraction. On
the other hand, approximately 30%-50% of the RAP particles are clustered. This indicates
that the current cold milling process and equipment causes the production of more fines,
while also producing clustered RAP aggregates.

Zhu et al., 2020 performed a study on the clustering of reclaimed asphalt pavement for cold
recycling, with the aim of making a characterization. In this study, three different types of
RAP materials collected from stockpiles at three different sources, were tested. The original
compositions of the three RAP materials are dense graded AC, SMA and open-graded friction
course (OGFC). The gradation curves of the three RAP materials before and after extraction
are displayed in Figure B.7. In this study, Zhu et al., 2020, utilized three different tests to
evaluate the clustering properties. These tests include the asphalt extraction test, a modified
Los Angeles abrasion test, and a mixing test, which all reflected the clustering characteristics
effectively. All three RAP samples tested in this study exhibited signs of clustering, indicated
by the loss of original sized aggregates. Furthermore, the RAP material was classified into
three categories: strong RAP, weak RAP and aggregate, of which weak RAP showed a
significantly higher clustering degree. According to the findings, this type of RAP material
should be minimized in the cold recycling process.

Cadar et al., 2022, analyzed RAP material from a secondary road in Romania (country
road DJ109), based on the following characteristics: particle size, binder content, material
variability and uniformity, and the clustering phenomena. The used RAP was obtained by
a cold milling procedure applied to the surface course with a thickness of 5 – 10 cm. For
the milling procedure, a Wirtgen W200, was used at a moving speed of 10 m/min and a
milling depth of 5 cm. In total, 9 piles of RAP material, each consisting of milled material of
a segment of approximately 1 km, were collected. Furthermore, the samples were collected
from each stockpile using the sampling method as specified in SR EN 932-1. The results of
the sieve analysis are displayed in Table B.1. The visual analysis conducted in this study
indicated the phenomenon of RAP particle clustering.

Xu et al., 2019 researched the phenomena of particle clustering in RAP particles. In particu-
lar, the particle composition, clustering degree, crushing properties and clustering stability of
RAP were studied. Two RAP materials were investigated in this study; one of the materials
was obtained during the process of cold milling, while the other material was collected from
crushing material of plant. The original mixture was of the type AC-13. The RAP particles
gradation curve was obtained through a sieving experiment and is displayed in Figure B.8.
In this study, it was found that the particle of sizes 16 mm and 19 mm were mainly com-
posed of 9.5 mm and 4.75 mm aggregates, indicating the presence of RAP particle clustering.
According to Xu et al., 2019, this is because the RAP was not broken sufficiently during
the milling procedure. Furthermore, the Percentage-Loss (PL) rate after extraction, used
as an evaluation index, indicated that the larger the RAP particle size, the more severe the
clustering degree.
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In Table 1, an overview is given on the original pavement mix and course of the RAP studied
in the sources.

Table 1: Overview of the original pavement mix and layer of the sources

5.1.3 RAP gradation characteristics: sieve analysis

As discussed in the introduction of this chapter, the results of the literature study on RAP
gradation characteristics will be compared to the results obtained from a sieve analysis of
RAP material gathered through cold milling. The RAP used for this sieve analysis was
collected from stockpiles at the asphalt plant of NTP. Due to a lack of availability, the only
mix types that were used are SMA-NL 11 and AC Surf. In the AC Surf stockpile, RAP
materials from AC-8-, AC-11- and AC-16 pavement were present. As mentioned in section 4,
the sieve analysis was carried out in part in accordance with the procedure defined in NEN-EN
12697-2, as the RAP material was sieved without the washing procedure defined in Section 7.1
of NEN-EN 933-1. Furthermore, the RAP material was sieved without drying. The reason
for this is the fact that in a cold in-situ operation, the RAP material will not be washed
and dried. In this way, the situation is represented as accurately as possible. However, as
a consequence, the 0.063 mm sieve was not included. Because of this, the results from the
literature study for the 0.063 mm sieve can not be compared to the results from the sieve
analysis. Additionally, it is possible that the presence of water in the RAP samples increased
the weight of the particles due to water retention. The sieving procedure was executed in
several steps:

1. Sample collection

2. Sample division

3. Execution of sieve analysis

The content and execution of these steps are elaborated in subsection B.2. The results of the
sieve analysis are displayed in Table 2.
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Table 2: Results of the sieve analysis

5.1.4 Conclusion

The results from subsubsection 5.1.2 and subsubsection 5.1.3, can be combined to give an
overview of the gradation characteristics of RAP material obtained through current cold
milling practices. The test results of the sieve analysis and the data gathered through the
literature are combined into graphs displaying each of the grading curves. These graphs
are displayed in Figure 6 and Figure 7. In these graphs, it can be seen that the grading
curves of the sieve analysis and the grading curves extracted from literature studies generally
follow similar trajectories. However, the differences are greater for the SMA-NL 11 RAP
materials than for the AC Surf RAP materials. From the sieve analysis, it can be concluded
that the AC surf RAP material had a finer gradation than the SMA-NL 11 RAP material.
However, a higher percentage of coarse particles (≥ 22.4mm) was retained for the AC Surf
RAP material. This could suggest that the AC Surf samples had a higher rate of clustering
or relatively more severe clustering. The results from the literature study can not support
this statement as most of the RAP material originates from AC surface courses.
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Figure 6: Grading curves of AC-Surf RAP material from the sieve analysis compared to
literature

Figure 7: Grading curves of SMA RAP material from the sieve analysis compared to literature
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5.2 Regulations
In the case of this project, the target asphalt mix type will be Asphalt Concrete (AC), while
Stone Mastic Asphalt (SMA) will also be considered. This can be explained by the fact
these are among the most used mix types for asphalt surface courses in the Netherlands
(Rijkswaterstaat, 2022). Additionally, this was proposed by NTP. Considering this, the
gradation requirements of RAP will be based on the gradation requirements of these mixes.
On top of that, RAP material itself also has certain requirements, specifically in terms of
homogeneity.

5.2.1 Asphalt Concrete

AC is defined as asphalt in which the aggregate particles are continuously graded or gap-
graded to form an interlocking structure. Furthermore, it is used for surface courses, binder
courses, regulating courses, and bases (Netherlands Standardization Institute, 2016a).

In chapter 81 of the CROW Standaard RAW bepalingen 2020, all requirements regarding
bituminous pavements are listed (CROW, 2020). Section 81.26.02 specifically discusses the
requirements of AC mixes. In this section, it is first stated that AC must comply with the
requirements of NEN-EN 13108-1, while taking into account the provisions described in the
other paragraphs of the section. NEN-EN 13108-1 specifies the requirements for mixtures
of the mix group AC for use on roads, airfields and other trafficked areas. According to
section 5.2.2.1, the requirements for the overall grading limits of the target composition are
given in two tables, distinguishing between two basic sieve sets. In the CROW Standaard
RAW bepalingen 2020, it is stated in paragraph two of section 81.26.02 that the aggregate
gradation should be determined with the basic sieve set plus set 1. The corresponding table
is displayed in Table C.1. In this table, D denotes the upper sieve size, while the numbers in
this table are a representation of the percentage of mass retained on the corresponding sieve
size from the entire mass of the sample.

It has to be noted that according to paragraph 05 of section 81.26.02, the maximum allowed
percentage of mass of asphalt granulate applied in surface courses is 30%. However, with
CIR, all RAP material will be included in the mixture. Hence, an inclusion of 100% is
achieved, which is why this regulation will be ignored.

5.2.2 Stone Mastic Asphalt

SMA is an asphalt mixture defined as a gap-graded asphalt mixture with bitumen as binder,
composed of a coarse crushed aggregate skeleton bound with a mastic mortar. The asphalt
mixture is mainly used for surface courses, while it can also be used for regulating and binder
courses (Netherlands Standardization Institute, 2016b).

In section 81.26.03 of the CROW Standaard RAW bepalingen 2020, all requirements re-
garding SMA mixes are listed. The first paragraph of this section states that SMA must
comply with the requirements of NEN-EN 13108-1, while taking into account the provisions
described in the other paragraphs of the section. NEN-EN 13108-5 specifies the require-
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ments for mixtures of the mix group SMA for use on roads, airfields and other trafficked
areas. According to section 5.2.2.1, the requirements for the overall grading limits of the tar-
get composition are given in two tables, distinguishing between two basic sieve sets. In the
CROW Standaard RAW bepalingen 2020, it is stated in paragraph two of section 81.26.02
that the aggregate gradation distribution should be determined with the basic sieve set plus
set 1. The corresponding table is displayed in figure Table C.2. In this table, D denotes the
upper sieve size, while the numbers in this table are a representation of the percentage of
mass retained on the corresponding sieve size from the entire mass of the sample. On top
of the grading requirements for SMA according to NEN-EN 13108-1, section 81.26.03 of the
RAW standaard 2020 bepalingen also enlists a table (table 81.2.9) with grading requirements
of different SMA mixes, displayed in Table C.3. In general, these requirements correspond
with the requirements of the NEN-EN 13108-1. However, a more specified percentage range
is given in the RAW standard 2020 bepalingen. In total there are five different SMA mixes;
SMA-NL 5, SMA-NL 8A, SMA-NL 8B, SMA-NL 11A and SMA-NL 11B. The number in this
notation denotes the upper sieve size. Furthermore, for upper sieve sizes 8 and 11, a distinc-
tion is made between type A and B. This denotes the content of material smaller than 2 mm,
which is lower for type B. The numbers in this table are a representation of the percentage
of mass retained on the corresponding sieve size from the entire mass of the sample.

It has to be noted that according to paragraph 07 of section 81.26.03, it is prohibited to
incorporate RAP into new SMA mixes. However, with CIR, all RAP material will be included
in the mixture. Hence, an inclusion of 100% is achieved, which is why this regulation will be
ignored.

5.2.3 RAP material

In addition to the requirements of both types of asphalt mixes, there are also requirements
regarding RAP itself. These requirements are discussed in section 81.26.11 of the CROW
Standaard RAW bepalingen 2020, as well as in the NEN-EN 13108-8. In section 81.26.11,
paragraphs 04 t/m 07 discuss the requirements of RAP regarding gradation. Especially the
homogeneity of the material is of importance. Paragraph 04 states that RAP material should
be homogeneous, on which it will be assessed. If the material is not assessed as homogeneous,
it should be homogenized. In addition, in paragraph 05, it is stated that if asphalt granulate
is used as a continuously available raw material in the production process, a batch is stored
separately and assessed by the producer at regular intervals. From this stored RAP, five
samples of 2,5 kg each will be examined based on binder content, particle gradation and
penetration of the reclaimed bitumen. The RAP is deemed as homogeneous if the standard
deviation calculated on the results of the five samples is within the limit defined in table
81.2.15, which is displayed in Table C.4.

5.2.4 Conclusion

The regulations can be outlined based on the findings discussed in subsubsection 5.2.1,
subsubsection 5.2.2 and subsubsection 5.2.3, which collectively provide an overview. This
overview of the gradation requirements of the asphalt mixes used in surface courses and in-
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cluded in the scope of this study is given in Table 3. It can be seen that the composition of
a mix type, in terms of gradation, is based on four sieve sizes at the minimum. For the AC
mixes, the range of the percentage of mass retained on the 2 mm sieve is relatively broad.
If RAP is added to these mixtures, it should comply with the homogeneity requirements as
defined in Table C.4.

Table 3: Gradation requirements of different asphalt mixtures used in surface courses

5.3 Quality gap
In this section, the results from subsection 5.1 and subsection 5.2 will be compared to define
and visualize the quality gap. This will be done based on the general gradation and the
homogeneity of the RAP material. It has to be noted that for the comparison of SMA-NL
8 and SMA-NL 11 the "B" type was selected, as these are suggested by Rijkswaterstaat
(Rijkswaterstaat, 2022).

5.3.1 Gradation

In subsection 5.1, the gradation characteristics of RAP materials were analyzed and discussed.
In this section, it was concluded that the effect of clustering caused the RAP material to
be relatively coarse graded. This is reflected in Figure 8 and Figure 9, where the gradation
requirements of both AC-Surf mixes and SMA-NL mixes are compared to the results from
the sieve analysis.

Asphalt Concrete

The grading curves of the AC-Surf RAP material analyzed in the sieve analysis lies outside
the boundaries of all AC-Surf mixes, except for the 2mm sieve. According to the grading
requirements of the AC-surf mixes defined in NEN-EN 13108-1, the maximum aggregate size
of the AC-8 Surf, AC-11 Surf and AC-16 Surf mixes is 8mm, 11mm and 16 mm respectively.
However, in the AC-Surf sample used in the sieve analysis, RAP particles of at least 32 mm
in diameter were present as some of the material was retained on the 31.5 mm sieve.
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Figure 8: Graph of gradation requirements of different AC Surf mixes and the gradation of
AC Surf determined with the sieve analysis

In Table 4, the gradation of the AC-Surf RAP material obtained through the sieve analysis is
compared to the required gradation of different AC-Surf mixes. In this table, the differences
are expressed as percentage points. It can be seen that for all AC-Surf mixes, there is a
positive difference between the lower passing limit and the percentage passing in the AC-
Surf RAP material. An exception for this is the 2 mm sieve, on which the percentage of
RAP material retained is within the required limits. This indicates that the AC Surf RAP
material is too coarse graded.

Table 4: Gradation of current state-of-practice AC-Surf RAP material compared to gradation
from the regulations expressed as difference in percentage points
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Stone Mastic Asphalt

Similar conclusions can be made for the SMA-NL mixes, where the grading curve of the
SMA-NL 11 mix used in the sieve analysis also lies outside the boundaries of the SMA-NL
8 and SMA-NL 11 mixes. However, in this case, the difference between the gradation of
the RAP material and the required gradation is larger than the differences in the AC-Surf
mixes. This can be attributed to finer gradation requirements for the different SMA mixes
and lower passing percentage for the finer sieve apertures (≤ 11.2mm) compared to the
AC-Surf material. The maximum aggregate size for the SMA-NL 8 and the SMA-NL 11
mixes are 8mm and 11mm respectively. In the SMA-NL 11 sample used in the sieve analysis,
aggregates of at least 32 mm in diameter were present.

Figure 9: Graph of gradation requirements of different SMA mixes and the gradation of
SMA-11 determined with the sieve analysis

In Table 5, the gradation of the SMA-NL 11 RAP material obtained through the sieve
analysis is compared to the required gradation of different SMA-NL mixes. In this table, the
differences are expressed as percentage points. It can be seen that for all SMA-NL mixes,
there is a positive difference between the lower passing limit and the percentage passing in
the SMA-NL 11 RAP material. This indicates that the SMA-NL 11 RAP material is too
coarse graded.
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Table 5: Gradation of state-of-practice SMA-NL 11 RAP material compared to gradation
from the regulations expressed as difference in percentage points

Clustering

Overall, it can be said that the gradation of RAP of both SMA-NL and AC-Surf mixes
obtained through the current state-of-practice are too coarse graded. As mentioned in sub-
subsection 5.1.4, RAP particles retained on sieves with aperture 22.4 mm and above generally
consist of clustered aggregates and bitumen. This causes the percentage passing of the RAP
material to be too low for most of the sieves. If the clustered particles would be separated
into smaller fragments, the percentage passing the larger aperture sieves (≥ 22.4mm) would
increase. As the total sample size of the finer graded RAP material increases due to the
seperation of coarser fragments, the percentage passing the sieves with smaller apertures
(≤ 11.2mm) will also likely increase.

5.3.2 Homogeneity

In subsubsection 5.2.3, it is stated that RAP material should be assessed as homogeneous if it
is to be used for new asphalt mixes. The material is assessed through the standard deviation of
five samples at different recycling percentages of RAP. Table 81.2.15 of the CROW Standaard
RAW bepalingen 2020, displayed in Table C.4, specifies these requirements. In Table 6, the
standard deviation of both RAP materials used in the sieve analysis and the maximum
standard deviation allowed are displayed. It has to be noted that in the sieve analysis, only
four samples are used instead of the required five. Furthermore, the standard deviations are
compared to the standard deviation of a recycling percentage larger than 50 %.
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Table 6: Required homogeneity of RAP material to be used in new asphalt mixes and
homogeneity of AC-Surf and SMA-NL 11 tested in the sieve analysis, expressed in standard
deviation.

From this table, it can be concluded that the standard deviation of the both RAP materials
are within the maximum allowed limits. This conclusion can not be made for the sieve of
aperture 0.063 mm, because it was not incorporated in the sieve analysis.

5.4 Bridging the quality gap
As mentioned in subsubsection 2.2.1, CIR can be performed in two ways: with a single-
unit recycling train or a multi-unit recycling train. In subsection 5.3, it was concluded that
with the a standard cold milling procedure, the RAP material is too coarse graded. In
this section, methods for improving the RAP gradation characteristics for both of the CIR
methods will be discussed. Additionally, hypothetical solutions that are purely based on
theory are discussed.

5.4.1 Single-unit train: Adjusting milling operating parameters

One of the ways to influence the properties of RAP in a single-unit CIR operation, is to
change the milling parameters and the milling machine configuration. As briefly discussed in
subsubsection 5.1.1, parameters that could be changed during the process of milling are the
travel speed, rotational speed of the milling drum, milling depth, water injection and con-
veyor speed. These parameters can influence the properties of RAP material after a milling
procedure. However, the most researched and prominent parameters are the travel speed of
the milling machine, the rotational speed of the milling drum and the milling depth. Another
influential operating parameter is the drum configuration, expressed in cutting motion and
pick spacing.

Travel speed

The travel speed of the milling machine has a significant influence on the gradation properties
of RAP. Yao et al., 2024 found that milling at a lower travel speed significantly reduces the
gradation of RAP material (Figure B.5). Additionally, Yang et al., 2021, reported comparable
findings in a similar study (Figure B.6). In both studies, the milling procedure was performed
at three different travel speeds: 10 m/min, 14 m/min and 18 m/min. For all these travel
speeds, the clustering rate of the RAP material was calculated using different evaluation
methods.

NTP & University of Twente 24



Bachelor Thesis - M.Arling 5 RESULTS

Yao et al., 2024, used the grader-retained percentage method, Modulus of fineness method,
the fineness degree method, the loss percentage method and the grading curve area difference
method. All these evaluation methods indicated that a lower travel speed results in a lower
RAP particle gradation. Yang et al., 2021, evaluated the phenomena using the grader-
retained percentage method and reported similar results. The clustering rate of the RAP
material from the AC-13 pavement was 30% at 10m/min, while 18 m/min yielded a clustering
rate of 50%. The RAP material from the AC-16 pavement, however the differences were lower
between the travel speeds.

Zaumanis et al., 2021, used the grading-curve area difference method to characterize the
clustering of RAP. The findings support the findings from Yao et al., 2024 and Yang et al.,
2021 and suggests that reducing travel speed also reduces the clustering rate. The dataset
obtained from the experiments can be publicly accessed. This dataset also includes the black
grading curves (without binder extraction), which can be used to analyze the impact of the
operating parameters of the milling operation on the grading curve of the RAP material. In
this analysis, the different configurations of the milling operation for each milling site were
compared. For this, the grading curve data of the different configurations for each milling
site, is plotted in a graph. These graphs are displayed in Figure D.1. In these graphs, it can
be seen that the grading curves of the configuration with the lowest travel speed generally has
the finer graded grading curve. Collectively, these results all indicate that milling at a lower
travel speed can significantly reduce the RAP particle gradation. This might be explained
by the fact that if the milling machine moves slower, the number of impacts of the milling
picks on the same surface area increases.

Milling drum rotational speed

Similar to the travel speed of the milling machine, the rotational speed of the milling drum
can also influence the gradation of RAP material. However, the correlation between the
rotational speed of the milling drum and the gradation properties of the RAP material is
opposite compared to the travel speed. If the rotational speed of the milling drum increases,
the gradation of the RAP material is generally higher, meaning that the material becomes
finer graded (Song et al., 2024). This might be explained by the fact that the number of
contacts of the milling picks with the asphalt layer in the same surface area increases.

In contrast, Zaumanis et al., 2021, concluded that the rotational speed of the milling drum
did not significantly influence the gradation properties of the RAP material. However, in
this study, the differences in rotational speeds that were tested were approximately -11.0%
and +16.5% from a base value of 109 rounds per minute. On the other hand, Song et al.,
2024, tested differences of -40% and +40%, from a base value of 150 rounds per minute.
This suggests that a relatively larger change in rotational speed is needed to significantly to
influence the RAP material gradation. However, Yao et al., 2024 tested different rotational
speeds with a deviation of approximately -33% and +33% from a base value of 75 rounds per
minute, of which it was concluded that the rotational speed did not significantly influence
the RAP gradation. Based on this information, it is unclear whether the rotational speed of
the milling drum has a significant influence on the RAP gradation.
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Milling depth

Apart from the speed parameters, the milling depth also influences the gradation of RAP
material. A higher milling depth generally leads to a higher clustering ratio, and therefore a
coarser graded RAP material. Yao et al., 2024, found that an increase of milling depth from
40 mm to 60- and 80 mm, led to a reduction of 39.1% and 50.4% in parallel bonding keys
broken between particles. If more parallel bonding keys are broken, the clustering rate will
be reduced and will therefore lead to a finer graded material. This indicates that a smaller
milling depth leads to a lower clustering ratio and a finer graded RAP material.

Milling drum configuration

In addition to the operating parameters, the configuration of a milling machine can also be
changed. Especially the configuration of the milling drum has an impact on RAP gradation
characteristics. The main changes in configuration of the milling drum relate to the cutting
direction and the distance between picks on the cutting drum.

A conventional milling operation operates with a milling drum milling in an up-cutting mo-
tion. However, in single-unit CIR trains, milling drums of the milling machines are configured
to cut in a down-cutting motion. This gives the milling machine operator more control over
the RAP size by adjusting the forward moving speed (Cross & Jakatimath, 2007). This means
that this option is most effective when combined with changes in milling parameters.

Additionally, decreasing the distance between picks on the milling drum results in finer graded
RAP material (Lombardo, 2022). This can be explained by the fact that more picks will lead
to more impacts with the asphalt pavement. As a result, the milled material will experience
more impacts, thus is more likely to de-agglomerate. As discussed in subsection 5.1, Wirtgen
offers a range of milling drums differentiating between width and distance between milling
picks. Apart from Wirtgen, most other milling machine manufacturers also offer a range of
different milling drums. The specific effects of pick spacing has not been studied.

5.4.2 Multi-unit Train: Mobile crushers

In multi-unit CIR trains, mobile crushing and screening units are added to improve the
gradation characteristics of RAP material. These mobile units can crush RAP material to a
desired top size, which depends on the target asphalt mixture. The machine operates in a
closed-loop system where the material is continuously processed until it meets the required
top size. If the material has reached the required top size, it passes through a screening
unit and is transferred into a pugmill. This technique can effectively separate clustered RAP
particles, which is the main problem as discussed in subsection 5.3. This makes crushing
and screening units an effective technique for ensuring that RAP material suffices to the
gradation requirements of surface courses (Cross & Jakatimath, 2007).

Roadtec, a subsidiary of Astec Industries, offers such a crushing and screening unit, which is
displayed in Figure 10. The RT-500 Cold-in-Place Recycle trailer is equipped with a screener
that processes the material fed into its hopper. All materials that do not pass through the
screener are transported to a crushing chamber where the material is crushed and transported
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back to the screener. The material passing the screening unit is transported to a pugmill
mixer, which mixes the RAP material with foaming bitumen to form a new asphalt mixture
(Roadtec, n.d.).

Figure 10: RT-500 Cold-in-Place recycling trailer (Roadtec, n.d.)

5.4.3 Hypothetical solutions

In this section, other solutions that are purely based on theory are discussed. This implies
that these solutions have not yet been applied to asphalt pavement reclamation.

Ultrasonic vibration treatment

In the oil industry, extensive research has been done to reduce the viscosity of heavy oils,
including asphalt. Viscosity can be defined as a fluid’s resistance to flow, which in the case
of bitumen is relatively high. If this viscosity is reduced, the bitumen will exhibit more fluid
type properties. In a study performed by Galimzyanova et al., 2024, mixtures of bitumen
and oil were subjected to ultrasonic vibrations of 22 kHz for different time intervals. In this
study, it was found that subjecting these mixtures to ultrasonic vibrations can reduce the
viscosity. Oil sample AKB-6, consisting of 40 % mass fraction of bitumen and 60 % mass
fraction of oil, displayed a viscosity reduction rate of approximately -17 %, -29% and -30 %
after a treatment time of 1, 2 and 3 minutes respectively. Wang et al., 2022 performed a
similar study where they subjected a 90# petroleum matrix asphalt to different ultrasonic
frequencies (40 kHz, 28 kHz, 55 kHz) at different temperatures ranging from 90 − 150 °C.
In this study, they defined three ultrasound stages, being ultrasound preparation stage (0-
300 seconds), ultrasonic irradation stage (300-900 seconds) and the viscosity recovery stage
(900+ seconds). At the end of the ultrasonic irradation stage, maximum viscosity decrease
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is achieved. This applied to all applied frequencies, while a ultrasonic frequency of 40 kHz
resulted in the biggest reduction.

A limitation for this solution is that it has only been tested in laboratory setting. Addition-
ally, neither of the studies were performed on pure bitumen at a normal temperature range
(ambient conditions). It is therefore unclear if the same effect will be achieved if applied to
asphalt pavement or RAP material, as this material is in a solid state. However, if the same
effect will be achieved, ultrasonic transducers can be integrated in a cold recyclers mixing
chamber. If this can be successfully applied, the bitumen on the RAP material will likely
become less viscous. As a result, clustered RAP particles can be separated during the mixing
procedure.

Steam induced asphalt-aggregate segregation

Another possible hypothetical solution could be steam induced asphalt-aggregate segregation.
One of the primary causes of asphalt pavement deterioration is water damage. Water damage
can occur in the presence of liquid or gaseous water and can occur in the form of stripping,
loosening, raveling, and water erosion (Sun et al., 2024). In essence, this is caused by a
decrease in adhesion between asphalt and aggregates. Tu et al., 2022 performed a study
to determine the effect of different concentrations of water vapor on the surface energy of
both asphalt and aggregates. The lower the surface energy, the lower the adhesion between
asphalt and aggregates. In this study, it was found that exposure to water vapor of different
concentrations and different exposure times had no significant effect on the surface energy
of asphalt. On the other hand, it did have a significant effect on the surface energy of
aggregates, indicating that exposure to water vapor can lower the adhesion between asphalt
and aggregates.

While water vapor is not the same as steam, both are gaseous forms of water. The difference
lies in the temperature, which is much higher with steam. This adds the effect of heat, which
reduces the viscosity of bitumen (Galimzyanova et al., 2024). Both the effects of a decrease
in adhesion between asphalt and aggregates and viscosity of bitumen could result in a better
graded RAP material, exhibiting a lower clustering rate. However, the effect of steam has
not been tested on asphalt pavements. It is therefore unknown how effective the measure
could be in reducing the clustering of RAP. Additionally, creating steam requires a significant
amount energy, which could make it economically and environmentally infeasible.

5.4.4 Assessment of options

From the solutions mentioned in the previous sections, the solutions discussed in subsubsec-
tion 5.4.3 can currently not be applied due to the several limitations mentioned. On the other
hand, the other two solutions could be viable options for ensuring the RAP gradation charac-
teristics are close to or within the boundaries of applicability. However, each of the solutions
have advantages and disadvantages. The first solution, changing the milling parameters and
drum configuration, is easy to implement. The milling parameters can be precisely monitored
and regulated using the “Mill Assist” function, while the different drum configurations can
be provided by Wirtgen. Furthermore, since no additional equipment will be added to the
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recycling train, the recycling train will be relatively more maneuverable. Lastly, the initial
investment costs will be relatively low as no additional equipment is needed. However, a
lower travel speed will result in a lower productivity. A lower travel speed will also result in
more impacts per meter. A smaller pick spacing will increase the number of picks, thus the
number of picks requiring maintenance will also increase. Both of these aspects could result
in a higher wearing rate of the picks.

On the other hand, with the use of a mobile crusher, these negative effects will not be
experienced. Furthermore, the maximum RAP particle size can be more precisely controlled
in comparison with the other solution. However, the addition of this piece of equipment will
result in a larger recycling train, leading to a reduction in maneuverability. This limits the
applicability of the solution, as it can not be applied to smaller roads. Furthermore, an extra
piece of equipment will require initial investment costs.

Apart from the advantages and disadvantages of both options, the expert opinions indicated
that the solution of changing the operation parameters and drum configuration would be the
better option. This can be attributed to the fact that the mobile crushing machinery is not
yet available in the Netherlands. Therefore, the first solution will be further elaborated upon
in the remaining part of this report.

5.4.5 Scenario development

In order to evaluate the effectiveness of the proposed solution, some possible scenarios will
be tested. These scenarios are based on the influence of different combinations of values for
the travel speed and distance between picks on the milling drum. As discussed in subsub-
section 5.4.1, it is unclear whether the rotational speed of the milling drum has a significant
influence on the RAP gradation. It is therefore excluded as a parameter in the scenarios and
is assumed to be a constant value of 100 rounds per minute. Although the milling depth
has a significant influence on the gradation of RAP material, it will not be accounted for in
this scenario analysis. This can be explained by the fact that the RAP material on which
this analysis is based, originates from a 40 mm thick surface course. In the Netherlands, the
minimum recommended thickness for AC surf courses is 30 mm for AC-11 and 40 mm for
AC-16 (Rijkswaterstaat, 2022). This means that a reduction in milling depth is not feasible
as it is already at the lower range in this scenario analysis. Both the values for the rotational
speed and the milling depth are based on the values used by Yao et al., 2024 and Yang et al.,
2021, on which the effect of the travel speed parameter is based. In these studies, AC-16 Surf
and AC-13 Surf mixes were analyzed, which is why in the scenario calculation, only these
two mixes will be used. For this, the AC-13 Surf mix roughly corresponds with an AC-11
Surf mix and will therefore be compared to the AC-11 Surf regulations. This means that the
AC-8 Surf, SMA-NL 11 and SMA-NL 8 will be excluded from the impact analysis

A CIR project has a minimum productivity for it to be a profitable operation compared to
other rehabilitation operations. With this minimum productivity, the lower boundary value
for the travel speed can be computed. This can be done using Equation 1.

P = W × S × 60 (1)
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Where:

• P : Productivity in m2/hour

• W : Milling width in meters (m)

• S: Forward moving travel speed in m/min

In this equation, the values of W are based on the width of the milling drum, whose values
were discussed earlier. According to expert 1 (Table A.1), the minimum productivity for a
CIR operation to be profitable is approximately 1000 m2/hour. Based on this value and the
values for the width (W), the travel speed (S) can be computed for all scenarios.

In order to compute the grading curves of the different proposed scenarios, it is necessary to
determine the influence of both parameters on the RAP gradation. For both parameters, a
different method was applied. The influence of the travel speed parameter was determined
mathematically, while the influence of the pick spacing parameter was based on expert con-
sultation. As discussed in subsubsection 5.1.2, both Yao et al., 2024 and Yang et al., 2021
constructed grading curves of RAP gathered from a milling operation under three different
travel speeds: 10 m/min, 14 m/min and 18 m/min. Based on these values, a gradient was
calculated for each sieve size, which is displayed in Table D.1 and Table D.2. Based on this
gradient, the grading curves of RAP material gathered at a lower travel speed, were extrap-
olated. This method relies on the assumption that the change in grading curves resulting
from the change in travel speed is a linear relationship.

As discussed in subsubsection 5.1.1, equipment manufacturer Wirtgen has two cold recyclers
available, the W240 CRi and the W380 CRi. With these machines there is a distiction
between, among others, the width of the milling drum. The W240 CRi is equipped with
a 2.35 meter (198 picks) wide milling drum, while the W380 CRi has four options for the
milling drum width: a 3.2 meter (239 picks), a 3.5 meter (258 picks) and two different 3.8
meter (277 picks & 294 picks) wide drums (WIRTGEN, n.d.-b). All these milling drums
have a slightly different pick spacing. Therefore, the values for the pick spacing parameter
will be based on the different milling drum configurations. Specifically, it will be calculated
by dividing the width of the milling drum by the number of picks. As briefly discussed
in subsubsection 5.4.1, the specific effect of pick spacing is not known, which is why it is
approximated in an expert consultation session. Furthermore, due to this uncertainty in
effect, two possible effect scenarios per parameter combination will be explored. In this
session, it was determined that the first scenario (W240 CR(i) FB2350 198), with a pick
spacing of approximately 11.87 mm, will experience an improvement of 10% and 20%. The
improvements for the other scenarios are relative to the first scenario. In this method, a
base case of a pick spacing of 15 mm was used to calculate the relative improvements. In
Table 7, all scenarios including information about the configuration of the milling machine,
travel speed, pick spacing, and the effect of the pick spacing are displayed.
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Table 7: Analyzed scenarios based on different values for parameters

In this table, the effect of pick spacing and the productivity can be changed. Productivity is
directly related to travel speed through Equation 1. As discussed, the initial grading curves
are based on the studies of Yao et al., 2024 and Yang et al., 2021. In these studies, a sieve
set different than the set used in the Netherlands is utilized. To make a comparison between
the improved grading curves and the regulations, the results were linearly interpolated.

5.4.6 Calculation and assessment

As discussed in the previous section, 10 different scenarios were explored. The combination
of the travel speed and pick spacing parameters resulted in different improved grading curves.
Similar to Figure 8 and Figure 9, these grading curves are plotted in graphs together with the
gradation requirements of the different asphalt mix types (Appendix D). In Figure D.2 and
Figure D.3 , it can be seen that the grading curves of the majority of scenarios lie within the
gradation requirements for AC-16 Surf mixes. However in scenario 3, 5 and 7, the percentage
passing the 22.4 mm sieve is 99% instead of the required 100%. Overall, this indicates that,
if the assumptions used are correct, the parameter values should be sufficient to bridge the
quality gap in the majority of scenarios.

Similarly, the grading curves of the scenarios of the AC-11 mixes do not all lie within the
gradation requirements for AC-11 Surf mixes (Figure D.5 & Figure D.4). This specifically
applies to scenario 1, 3, 5 and 7. In these scenarios, the percentages passing the 16 mm and
11.2 mm sieves are lower than the requirements. This means that with the used parameter
values, clustering of RAP particles is still a problem. In these cases, AC-11 Surf mixes can
be rehabilitated into an AC-16 Surf mix. By doing this, the gradations are in accordance
with the regulations.

5.5 CIR treatment requirements
An important factor in the effectiveness of a CIR treatment using the techniques described
and evaluated in the previous section, is project selection. CIR is not universally applicable,
but it can be highly effective in specific situations. As Stephen. A. Cross notes, "CIR
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treatments are a tool in the toolbox and it does not work everywhere, but in some cases it
works exceedingly well" (Cross, n.d.). In this section, the project selection guidelines will be
outlined. This includes important factors such as pavement distress, climatic conditions and
geometrical properties. In the end, a flowchart will constructed and visualized.

5.5.1 Important factors

Pavement condition and composition

One of the most important considerations when evaluating whether CIR can be applied, is
the condition of the original pavement. Cracked pavements of which the bases and subbases
are structurally sound and well-drained are generally eligible for CIR treatment. However,
pavements exhibiting the following failure mechanisms are less successful when rehabilitated
with a CIR treatment (Modarres et al., 2014):

• Rutted pavements caused by too high asphalt content

• Failure cause by wet, unstable base, subbase or subgrade

• Failure caused by heaving or swelling occurring in underlying soils

• Pavements that exhibit stripping of the asphalt from the aggregates

Furthermore, pavements with rutting caused by deep structural issues are not eligible for CIR
treatment. Additionally, deformations in the form of shoulder drop off should not be rehabil-
itated with CIR, while deformation in the form of shoving could be rehabilitated with CIR
if additives are used (Federal Highway Administration, 2018). When CIR is applied to pave-
ments with severe deterioration, the service life of the pavement is expected to significantly
decrease.

On the other hand, pavements with surface defects including bleeding, potholes, raveling and
skid resistance are qualified for CIR. Furthermore, pavements with deformations in the form
of corrugations and rutting caused by wear are also eligible for CIR treatment. If rutting
occurs due to mix instability, it can be applied if it is corrected with additives. CIR can also
be applied to all pavements with non-load associated cracking. Furthermore, pavements with
rutting caused by deep structural issues are not eligible for CIR treatment.

Apart from the state of the pavement, the composition is also of importance. In particular,
the presence of foreign matter in the RAP material. Paragraph 02 of the CROW Stan-
daard RAW bepalingen 2020 states that the content of foreign matter, impurities and cold
asphalt prepared with liquid bitumen in RAP for binder- and surface courses must comply
with category F1 (NEN-EN 13108-8). If this condition is not met, applying CIR rehabilita-
tion treatment is not possible without extraction of these materials from the obtained RAP
material.

Another requirement for applying CIR treatment to a surface course is that the composition
of the original pavement must be consistent or at least divided in consistent sections. If this
is not the case, the calculations for the mix design will be wrong for sections that deviate
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from the sections for which the calculations were made. These differences can be in terms of
water content, asphalt content and aggregate gradations.

Climatic conditions

In most cases, the climatic conditions do not significantly influence the expected service life
of a CIR rehabilitated pavement (Chesner et al., 2011). However, the minimum temperature
for recycling method utilizing bitumen emulsion or foam bitumen is 10 °C. Furthermore, in
wet conditions, it is recommended to not use foam bitumen. Instead, bitumen emulsion is
proven to be more successful, because it is a water-based binder. On the other hand, foam
bitumen is a hot mixture, which cools down on wet surfaces. This results in poor bonding
compared to bitumen emulsion (Modarres et al., 2014).

Geometrical properties

Another factor influencing the applicability of CIR treatments are the geometrical properties
of the pavement. One of such properties is the thickness of the pavement. Pavements
constructed with a thicker base, base plus subbase, and total pavement thickness exhibited
longer CIR treatment service lives (Chesner et al., 2011). Furthermore, the total thickness of
the asphalt layers should be between 15-25 cm. In addition, the minimum asphalt pavement
thickness to be cold recycled should be approximately 5 cm (Modarres et al., 2014). Not only
technical considerations need to be considered for this aspect, but also the economic aspects.
In particular, the size of the project is of importance for this. According to Modarres et al.,
2014, projects of a total size of 40.000 m2 or more are economically more beneficial. This
can be explained by the fact that CIR operations require a relatively high setup cost, which
is spread out more per area unit on larger projects.

5.5.2 Project selection flowchart

Based on the information of important factors that play a role in CIR project selection,
a flowchart was constructed (Figure E.1). In this flowchart, project size is not taken into
account as this is to be evaluated by the contractor based on economic and environmental
feasibility. Furthermore, wet conditions are also excluded since the binder agent of choice is
different for different contractors. The flowchart first goes through the climatic conditions
and geometrical properties. If these requirements are met, the condition of the pavement
will be evaluated. First, the presence of foreign matter has to be evaluated, after which the
flowchart moves on to the condition of the base and subbase layers. If these conditions are
sufficient, the state of the pavement regarding failure mechanisms, will be evaluated. If there
are only surface defects and/or non-load associated cracking, CIR is recommended. However,
if there are other failure mechanisms, CIR applicability can be further evaluated with the
remaining part of the flowchart.
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6 Discussion
In this section, the limitations of the methods used and results obtained during the execution
of this study, will be discussed.

6.1 Limitations in the methodology
The first limitation with respect to the methodology arises in determining the current RAP
gradation characteristics. First of all, the RAP material from both the literature review and
the sieve analysis was obtained from standard cold milling procedures. These procedures do
not entirely reflect the cold milling procedure performed in a CIR operation. Additionally,
the conditions during which the RAP material was obtained is unknown for some of the
sources. Both limitations result in the analyzed RAP material not reflecting the actual
situation completely accurate. More representative results would have been obtained if RAP
material was obtained from a controlled experiment using a cold recycler. In this way, the
effects of operating parameters such as travel speed and drum rotational speed could have
been measured, which would likely yield a more accurate result. However, due to limited
availability of such machines in the Netherlands, this was not possible. In addition, this
study was executed in a period of the year when cold milling is not performed. Consequently,
obtaining RAP material in an experimental setting was not feasible.

In the execution of the sieve analysis, it was calculated that the laboratory sample was to
be divided into four subsamples. However, for the determination of the homogeneity of RAP
material, five samples are required according to section 81.26.11 of the CROW Standaard
RAW bepalingen 2020 (CROW, 2020). Although this might not have a big impact, it is
not in accordance with the regulations. Another possible limitation of the sieve analysis
is the fact that it was executed using a manual sieving-shaking procedure. With this, it is
possible that material that would normally pass a specific sieve, is now retained on that sieve.
Additionally, due to overloading, the subsamples had to be sieved in parts. This caused some
spillage of RAP material. Both factors have an effect on the results obtained from the sieve
analysis.

In this study, the expertise of only one expert was utilized. Although this was a highly
experienced expert, more expert interviews could have been conducted. The input from
other experts could have provided different views on the cold milling process and equipment,
influential milling parameters and specific values for these parameters, and more innovative
techniques to improve RAP gradation characteristics.

In the impact analysis, the effect of the travel speed and pick spacing on the RAP gradation
are compounded. This means that the effect applied on the gradations is slightly higher than
what it should be. However, since the effects applied are relatively low, this difference should
be minimal.
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6.2 Limitations in the results
As a result of the fact that the impact analysis relies heavily on assumptions, the gradations
obtained in the different scenarios might not be accurate representations of what would be
obtained in reality. If the assumptions appear to be inaccurate, the results obtained from the
impact analysis are also inaccurate. However, if representative values for these assumptions
are found, a similar methodology can be applied to determine the RAP gradation in different
scenarios. Apart from that, the impact analysis is also only performed on the AC-11 Surf
and AC-16 Surf material, while the AC-8 Surf, SMA-NL 5 SMA-NL 8 and SMA-NL 11 are
excluded. This reduces the completeness of the results. Lastly, the initial RAP gradation
on which the impact analysis was applied originated from studies performed by Yao et al.,
2024 and Yang et al., 2021. In these studies, the grading curves of the RAP material were
constructed with a different sieve set than the one used in the Netherlands. In order to
make a comparison between the gradations obtained through the impact analysis and the
regulations, the results from the impact analysis had to be interpolated. This possibly has
an effect on the results.

Another limitation arises in defining the quality gap. In this part of the study, the RAP
material analyzed in the sieve analysis was compared to the regulations. However, in the
sieve analysis, only RAP material originating from AC Surf and SMA-NL 11 pavements
were analyzed. As a consequence, a direct comparison between RAP material gradation
and regulations for the specific AC Surf mixes and the SMA-NL 5 & SMA-NL 8 mix types
was not possible. However, in subsection 5.3, this comparison is made, which makes it less
accurate.

The requirements for an asphalt pavement to be eligible for rehabilitation using CIR, de-
fined in subsection 5.5, are based on literature about sub-surface (binder and base) courses.
However, this study focuses on the surface course.
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7 Conclusion
In this section, conclusions will be drawn based on the results of the study. This is done by
answering the sub-research questions, followed by the main research question.

• What equipment and processes are currently used in cold milling, and how do they
impact RAP gradation characteristics?

In the Netherlands, asphalt milling contractors mostly use Wirtgen equipment. In the case
of CIR either large cold milling machines or cold recyclers are used. The key technologies of
these machines are the cutting technology, the machine control technology and the leveling
technology. All of these factors play a significant role in the control of RAP gradation.
The cold milling machines are normally equipped with a milling drum with a 18 mm pick
spacing. In the new generation of these machines, the "F-series", a feature called "Mill Assist"
is available. With this feature, milling parameters can be controlled to improve the milling
process based on chosen objectives. In the current cold milling process, the objectives are
the smoothness and uniformity of the remaining (underlying) layer after cold milling and the
productivity of the operation in terms of surface area milled in a certain time period.

Based on the results obtained from the sieve analysis and the systematic literature study, it
can be concluded that grading curves for AC Surf RAP material generally followed similar
trajectories. For SMA RAP material, this conclusion cannot be made with the same certainty
as only one source in the literature study provided a grading curve for SMA RAP material.
Despite this, it can be said that for both RAP materials, clustering of aggregates and bitumen
was present. This can be explained by the fact that material with a coarser gradation than
the original mixture was present. According to Yao et al., 2024 and Yang et al., 2021, the
RAP material also showed signs of aggregate breakage, as the percentage of filler and fine
aggregates after bitumen and aggregate separation increased.

• What are the specific gradation requirements for RAP used in surface course material,
and how do current RAP characteristics compare?

In this study, only AC Surf (AC-8, AC-11 & AC-16) and SMA-NL (SMA-NL 8A&B & SMA-
NL 11A&B) are analyzed . The gradation requirements of RAP are evaluated based on the
requirements defined in NEN-EN 13108-1 (AC) and NEN-EN 13108-5 (SMA) and the CROW
Standaard RAW Bepalingen 2020. According to these regulations, both the general grading
requirements and the homogeneity of RAP material is of importance for the application to
surface courses. In the regulations, the grading boundaries of every asphalt mixture type is
based on four sieve sizes.

When compared to the regulations, the RAP gradation determined by answering the first
sub research question is too coarse graded. In Figure 8 (AC) and Figure 9 (SMA), it can be
seen that the grading curves for both asphalt mix types lies outside the boundaries according
to the regulations. Due to stricter boundaries, the difference between the grading curve of
the SMA RAP material and the regulations is larger compared to the AC RAP material.
Apart from the general grading requirements, the homogeneity of the RAP analyzed in the
sieve analysis was within the allowed limit, suggesting that this is not a problem.
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• What new techniques are available that can improve the gradation characteristics of
RAP and what impact do these techniques have on meeting the required gradation stan-
dards for surface courses?

CIR operations are executed either with a single-unit recycling train or a multi-unit recycling
train. In the single-unit recycling train the quality of the RAP material relies on the param-
eters travel speed and pick spacing, while the effect of drum rotational speed is uncertain.
In multi-unit recycling trains, a mobile crusher is added to ensure RAP meets the required
gradation. Apart from this, two other techniques have been identified: Ultrasonic vibrations
and steam induced asphalt-aggregate segregation. However, both of these techniques have
not been tested and developed sufficiently to be applied in the field. Of the other two op-
tions, controlling the operating parameters and the drum configuration appeared to be the
better option due to availability of equipment and expert opinion. Decreasing the travel
speed and reducing the pick spacing leads to a finer graded RAP material. However, these
parameters should be carefully monitored to ensure that RAP breakage is not excessive. In
the impact analysis, scenarios with different parameter values were tested on their impact
to the gradation of RAP material. Based on this impact analysis, it can be said that all
scenarios resulted in a RAP material gradation within the gradation requirements for the
AC-16 Surf RAP material. For the AC-11 Surf RAP material, the scenarios with the lower
value for the pick spacing effect also resulted into the RAP grading curves being within the
gradation requirements. This suggests that based on the assumptions, changing the operat-
ing parameters and the milling drum configuration could be an effective way of ensuring that
RAP material is properly graded to be used in a CMA for surface courses.

• What factors should be considered to determine if a specific surface course is eligible
for CIR?

Based on literature, important factors to consider when evaluating whether application of
CIR as a rehabilitation practice is an effective measure, are pavement condition and com-
position, climatic conditions and geometrical properties. Regarding pavement condition and
composition, pavements with structurally sound and well-drained bases and subbases are
generally eligible for CIR. In terms of climatic conditions, taking moisture and temperature
into consideration is of importance. In the design of an asphalt mixture, the moisture in-
dex is taken into account, which is why it is important that this index is in line with the
design index. Additionally, the use of foam bitumen is not recommended in wet conditions
because it cools down when in contact with the wet aggregate surfaces. Apart from this, the
recommended minimum temperature is 10 °C. Lastly, the geometrical properties, pavement
thickness and project size, are also of importance. For this, the pavement thickness is re-
lated to the performance of a CIR layer, as thicker bases plus subbases result in longer CIR
treatment service lives. The project size is related to the economic feasibility.
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How can advancements in cold milling processes and equipment improve the gradation char-
acteristics of RAP to meet the requirements of surface course materials?

By getting a better understanding of influential factors during the milling process, the gra-
dation characteristics of RAP material can be improved. In this study, it was found that
reducing the travel speed of the milling machine and decreasing the pick spacing on the
milling drum can effectively reduce the clustering of RAP. As a result, the gradation of AC-
11 Surf and AC-16 Surf RAP material was found to be in accordance with the regulations
in the majority of the explored scenarios. Innovative technologies, such as the "mill assist"
feature on modern Wirtgen cold milling machines can help optimize these influential factors.
Additionally, mobile crushing & screening units, used in multi-unit recycling trains, can be
used to control the maximum aggregate size more precisely. However, this technology is not
yet available in the Netherlands.
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8 Recommendations
In this section, the final recommendations will be given to NTP, asphalt milling and paving
companies, and milling machine manufacturers. Additionally, recommendations for further
research are given.

8.1 Recommendations to NTP, asphalt milling and paving com-
panies, and milling machine manufacturers

This study serves as a starting point to achieving the desired result of creating a CIR process
that can be applied to surface courses. The results can be used to get a better understanding
of the influence of the cold milling process and equipment on the gradation of RAP material.
During the CIR operation, it is best to use a cold recycler with the lowest pick spacing from
a RAP material quality perspective. On top of that, it is best to keep the travel speed as
low as possible, while still operating with sufficient productivity. According to expert 1, the
minimum productivity for a CIR operation to be economically and environmentally profitable
is approximately 1000 m2/hour.

CIR is most suitable for pavements with stable, well-drained bases and subbases whose surface
defects are not in the form of: rutting caused by too high asphalt content, stripping of asphalt
from aggregates and shoulder drop-off. Furthermore, it is important that the presence of
foreign matter is in accordance with NEN-EN 13108-8 and must comply with category F1.
It is also important that composition of the original surface course is consistent. Apart from
that, the minimum ambient temperature for CIR using foam bitumen or bitumen emulsion
is 10 °C, while it is recommended to not use foam bitumen in wet conditions.

Notwithstanding, an attempt should be made by milling machine manufacturers, especially
Wirtgen, to integrate a mobile crusher into the recycling train as this allows for the gradation
of RAP material to be controlled more accurately. Another option would be to try to get the
RT-500 Cold-in-Place recycling trailer from Roadtec to the Netherlands to test it’s feasibility
for implementation.

8.2 Recommendations for further research
Effect of the milling parameters and drum configuration

In this study, the effects of the milling parameters and the drum configuration are heavily
based on assumptions. To improve the accuracy of the results, the effect of the milling
parameters and the drum configuration on the gradation characteristics must be determined.
This can be done either in an experimental setting or by creating a simulation of the milling
process.

In an experimental setting, different variations of milling parameters and drum configura-
tions can be explored. For this, it is important to keep the conditions regarding pavement
composition, milling depth, temperature, moisture index consistent. Apart from that, the
effect of the milling parameters can also be evaluated using simulations. Currently, several
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Discrete Element Method (DEM) simulations regarding the influence of operating parameters
and milling drum configuration on asphalt pavement during the milling process, have been
constructed (Song et al., 2024), (Petrescu et al., 2024), (Dumitru et al., 2022). However,
these DEM simulations do not directly relate these parameters to the RAP material grada-
tion. In most instances, the influence of these parameters is expressed in terms of the impact
force or, in certain cases, the particle bonding ratio (PBR), which represents the proportion
of particles that remain bonded to one another. These metrics do relate to the gradation
of RAP material and can therefore possibly be used to determine the influence of operating
parameters on RAP gradation. If a relationship between these metrics and RAP gradation
can be derived, the effect of operating parameters and drum configuration could potentially
be effectively simulated.

These methods can also be used together by first determining the effect of a selective set
of parameter values. These effects can then be used to construct relationships between the
parameters and the RAP gradation. Ultimately, this relationship can be used to explore
parameter values outside the initial set. These simulations can be performed with multiple
different software applications, such as EDEM (Altair Engineering, 2023) and PFC (Itasca
Consulting Group, 2023). Yao et al., 2024 used PFC software in which they first modeled the
asphalt mixture by specifying a particle size distribution and using a contact bonding model
to simulate the bonds between asphalt mortar and aggregates. This contact bonding model
is based on a list of fixed parameters. Secondly, the actual milling process can be modeled
by first creating a 3D solid model of a milling pick and importing this into PFC for the
simulation analysis. To simulate the crushing effect of the milling process on the aggregate,
the coarse aggregate units were comprised of smaller aggregates. A similar methodology can
be used to construct a DEM model to simulate the impact of milling parameters on the RAP
gradation.

Explore different aspects of CMA

This study focused solely on the gradation of RAP material. However, other aspects of the
CIR process are also important. With proper compaction techniques, high void ratios, which
is a significant problem for cold asphalt mixes designated for surface courses, can be reduced.
According to expert 1, foamed bitumen does not coat the RAP material in the same way as
new or hot asphalt mixture. With foamed bitumen, small bitumen points are formed on the
aggregates and these points need to connect to each other. This results in a significantly lower
adhesion of the mixture compared to a hot mix. Ultimately, this means that the mixture is
not strong and stiff enough to be used as a surface course. It is therefore important to find
a way to increase the adhesion properties of CMA.

Testing the performance properties

Although the grading curves of the majority of the scenarios are within the gradation require-
ments, the obtained RAP material might still not be of sufficient quality. In order to verify
this, CMA with the specific RAP gradations must be constructed to test the performance
based on at least the void content (V), Indirect Tensile Strength Ratio (ITSR), the stiffness
(S), the creep rate (fc) and the fatigue resistance (ε6) (CROW, 2020).
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Determining field applicability of hypothetical solutions

Both hypothetical solutions mentioned in subsubsection 5.4.3 can potentially improve the
gradation of RAP material by reducing the clustering rate. However, the effect of these
solutions has not yet been tested on asphalt pavement or RAP material. Understanding this
effect is crucial in determining whether or not they have the potential of being good solutions.
Additionally, their field applicability has to be tested.
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A Appendix: Methodology

A.1 Interview structure
1. General questions

• What is your function at the company you work at?

• How many years of experience do you have with cold milling?

• Do you have experience with cold in-situ recycling?

2. Substantive questions

• What is/are the main objectives of a standard cold milling procedure? Is this speed of
operation, maintenance of milling equipment, quality of RAP, etc.?

• Which components of a milling machine have a big influence on the RAP gradation?

– Are there variations of these components that reduce the RAP particle size?

• What changeable parameters have a big influence on RAP particle gradation?

– How do these parameters influence the RAP particle gradation?

• How do the different configurations of milling drums influence the RAP particle grada-
tion?

• What configurations of milling drums are used most often in the Netherlands?

• What is your opinion on the, through literature gathered solutions, regarding possible
success of implementation?

• Are there other ways to ensure that RAP material has the right gradation to be in-situ
recycled?

• What factors should be considered to determine if a specific surface course is eligible
for CIR?

A.2 Expert information

Table A.1: Information on interviewed experts
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B Appendix: State-of-practice

B.1 Current cold milling equipment and process

Figure B.1: Specifications of the 200 Fi cold milling machine (WIRTGEN, n.d.-a)
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Figure B.2: Specifications of the W240 CR(i) cold recycler (WIRTGEN, n.d.-b)

B.2 Sieve analysis
The method for performing the sieve analysis, including preparations and calculations will
be discussed in this appendix. This will be done according to the steps defined in subsub-
section 5.1.3.

1. Sample collection
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The stockpiles of RAP on the asphalt plant were prepared for taking a sample by creating
an even "plateau", which are displayed in Figure B.3(c) and (d). This was done using a
shovel loader, shown in Figure B.3 (a). From these plateaus, samples for the AC Surf and
SMA-NL 11 mix types were collected using a sampling scoop and a wheelbarrow, which are
shown in Figure B.3 (b). Furthermore, the size of the initial sample corresponded to a full
wheelbarrow. The dimensions of the sampling scoop were in accordance with the required
dimensions specified in NEN-EN 932-1.

((a)) Shovel loader used to prepare the RAP
stockpiles for sample collection

((b)) Sampling equipment used, including a
sampling scoop and a wheelbarrow

((c)) Plateau of SMA-NL 11 stockpile ((d)) Plateau of AC Surf stockpile

Figure B.3: Overview of equipment used during the sample preparation and collection

2. Sample division

The next step in the followed procedure was the division of the collected samples into ap-
propriate subsamples. Due to the absence of appropriate size sample division equipment,
fractional shoveling as defined in NEN-EN 932-2 was used as the sample reduction technique.
In this method, the number of subsamples which the entire sample needs to be divided in, is
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determined with Equation 2.

n = mL/mT (2)

For this, both mL and mT have to be determined. mL can be determined with Equation 3 ,
while mT can be determined using table 1 of NEN-EN 933-1.

mL = 6 ×
√

D × ρb (3)

In this equation, D denotes the maximum aggregate size in mm, while ρb denotes the bulk
density of the RAP material. The bulk density can be calculated with Equation 4, discussed
in NEN-EN 1097-3.

ρb = m2 − m1

V
(4)

In this equation, m1 denotes the mass (kg) of the empty barrel, while m2 indicates the mass
(kg) of the barrel including the RAP material. In this case, a bucket was used instead of a
barrel. Furthermore, V denotes the volume of the bucket in liters. To apply this formula, at
least three measurements should be performed.

AC Surf

Using Equation 4, the bulk density was determined. In this, the following information ap-
plies:

• m2 - m1 average is 15.64 kg

– Measurement 1: 15.66 kg

– Measurement 2: 15.45 kg

– Measurement 3: 15.81 kg

• V is 12.5 L

Inserting these values leads to a bulk density of:

ρb = m2−m1
V

= 15.64
12.5 ≈ 1.25 Mg/m3

The maximum aggregate size D was determined by sieving the largest RAP particles in each
sample, which resulted in a D of 32 mm. Inserting the values for D and ρb in Equation 3,
results in the following mL:

mL = 6 ×
√

D × ρb = 6 ×
√

32 × 1.25 ≈ 42.47 kg

From table 1 in NEN-EN 933-1, mT can be extracted. A maximum aggregate size D of
32 mm, yields a mT of 10 kg. Inserting the determined mL and mT in Equation 2, yields
following sample division:

n = mL/mT = 42.47/10 = 4.25

Using the assumption that the test portion mass is to be within 85% to 115% of mT , n
is rounded to the nearest whole number, which is 4. This results in a test portion size
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of 42.47/4 ≈ 10.62kg. The laboratorium sample, mL, is divided into four subsamples of
approximately 10.62 kg, which are stored buckets.

SMA-NL 11

Using Equation 4, the bulk density was determined. In this, the following information ap-
plies:

• m2 - m1 average is 16.77 kg

– Measurement 1: 16.39 kg

– Measurement 2: 17.00 kg

– Measurement 3: 16.92 kg

• V is 12.5 L

Inserting these values leads to a bulk density of:

ρb = m2−m1
V

= 16.77
12.5 ≈ 1.34 Mg/m3

The maximum aggregate size D was determined by sieving the largest RAP particles in each
sample, which resulted in a D of 32 mm. Inserting the values for D and ρb in Equation 3,
results in the following mL:

mL = 6 ×
√

D × ρb = 6 ×
√

32 × 1.34 ≈ 45.48 kg

From table 1 in NEN-EN 933-1, mT can be extracted. A maximum aggregate size D of
32 mm, yields a mT of 10 kg. Inserting the determined mL and mT in Equation 2, yields
following sample division:

n = mL/mT = 45.48/10 = 4.48

Using the assumption that the test portion mass is to be within 85% to 115% of mT , n
is rounded to the nearest whole number, which is 4. This results in a test portion size
of 45.48/4 ≈ 11.37kg. The laboratorium sample, mL, is divided into four subsamples of
approximately 11.37 kg, which are stored buckets.

3. Execution of sieve analysis

The subsamples were sieved using the following sieve apertures: 45 mm, 31.5 mm, 22.4 mm,
16 mm, 11.2 mm, 8 mm, 5.6 mm, 4 mm, 2 mm. Because the RAP material was sieved without
washing and drying, sieves of aperture size lower than 2 mm were excluded from the sieve
set. To avoid overloading the sieves, the subsamples were sieved in multiple parts for sieves
of aperture size 11.2 mm and lower. Additionally, the material passing the 5.6 mm sieve was
collected before sieving due to overloading. The sieving column used in this sieve analysis is
shown in Figure B.4. The results of the sieve analysis are displayed in Table 2.
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((a)) 31.5 mm - 5.6 mm ((b)) 4 mm - 2 mm

Figure B.4: Sieving column used for the sieve analysis

B.3 Gradation extracted from literature

Figure B.5: Gradation curves of original asphalt pavement, RAP particle gradation, and
RAP aggregate gradation resulting from research performed by (Yao et al., 2024)
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Figure B.6: Gradation curves of original asphalt pavement, RAP particle gradation, and
RAP aggregate gradation resulting from research performed by (Yang et al., 2021)

Figure B.7: Gradation curve of three types of RAP material, being AC (RAP 1), SMA (RAP
2) and OGFC (RAP 3) (Zhu et al., 2020)
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Table B.1: Statistical values of percent passing (%) of the statistical model for the entire
road section (Cadar et al., 2022)

Figure B.8: Percentage retained of reclaimed asphalt pavement RAP 1 and RAP 2 before
and after extraction (Xu et al., 2019)
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C Appendix: Regulations

C.1 Grading requirements Asphalt Concrete

Table C.1: Table 1 of NEN-EN 13108-1, displaying the general grading requirements of a
target composition

C.2 Grading requirements Stone Mastic Asphalt

Table C.2: Table 1 of NEN-EN 13108-5, displaying the general grading requirements of a
target composition
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Table C.3: Table 81.2.9 of the CROW Standaard RAW bepalingen 2020 displaying the grain
size distribution of stone mastich asphalt

C.3 Grading requirements of RAP material

Table C.4: Table 81.2.15 of the CROW Standaard RAW bepalingen 2020 displaying the
homogeneity of RAP
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D Appendix: Innovative milling techniques

D.1 Influence of operating parameters

((a)) Stallikon job site

((b)) Zihlschlacht job site

((c)) Bremgarten Job site

Figure D.1: Grading curves of different configurations of milling machine operating parame-
ters at all job sites (Zaumanis et al., 2021)
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D.2 Scenario development

Table D.1: Speed parameter effect AC-16

Table D.2: Speed parameter effect AC-13 (AC-11 Surf)
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D.3 Grading curves scenarios (AC-16 Surf)

((a)) Scenario 1 ((b)) Scenario 2

((c)) Scenario 3 ((d)) Scenario 4

((e)) Scenario 5 ((f)) Scenario 6

Figure D.2: Grading curves of different configurations of milling machine operating parame-
ters across various scenarios.
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((a)) Scenario 7 ((b)) Scenario 8

((c)) Scenario 9 ((d)) Scenario 10

Figure D.3: Grading curves of different configurations of milling machine operating parame-
ters across various scenarios compared to AC-16 Surf regulations.
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D.4 Grading curves scenarios (AC-11 Surf)

((a)) Scenario 1 ((b)) Scenario 2

((c)) Scenario 3 ((d)) Scenario 4

((e)) Scenario 5 ((f)) Scenario 6

Figure D.4: Grading curves of different configurations of milling machine operating parame-
ters across various scenarios.

NTP & University of Twente 61



Bachelor Thesis - M.Arling D APPENDIX: INNOVATIVE MILLING TECHNIQUES

((a)) Scenario 7 ((b)) Scenario 8

((c)) Scenario 9 ((d)) Scenario 10

Figure D.5: Grading curves of different configurations of milling machine operating parame-
ters across various scenarios compared to AC-11 Surf regulations.
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E Appendix: CIR treatment requirements

E.1 Project selection flowchart

Figure E.1: Guideline for CIR project selection in the form of a flowchart
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