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Executive summary
Within the framework of the Re-Road project, WP4 focused on issues that are specifically
related to the processing and management of reclaimed asphalts (RA) at the mixing plant. The main
aim of WP4 was to highlight factors that are considered integral to increasing the level of recycling of
RA and to ensure optimum use of this RA. The first task of WP4 was dedicated to identifying and
improving important issues related to the production of RA, mainly with regards to milling operations.
This deliverable firstly highlights what was found in the literature about the present level of
technology for milling operations. It presents cold milling machines, their history, some
manufacturers and the main elements of these apparatus, e.g. cutting tools. A typical milling operation
is then described. Then, an experimental program is presented. It consisted of comparing reclaimed
asphalts before and after milling, in order to show the influence of the milling operation on their
physical characteristics.
Five field surveys were initiated, in the north west of France. Before milling operations, cored
samples were extracted. These samples were compared to the milled materials. Some parameters of
milling operations were modified, in order to assess their influence on RA characteristics. These
parameters were the milling depth, the forward speed, the water flow and the hydraulic pressure inside
the engines of the milling machine. The main tests performed to analyze the influence of milling
operations were tests on aggregates: grading, flakiness index, Los Angeles and Micro Deval tests
according to the relevant standards.
In conclusion, this study emphasizes the difficulty to work on real jobsites. Whilst the
combined influence of the milling process can be observed, the influence of each separate parameter
was very difficult to assess. Grading is certainly a property that was demonstrated to be modified
during the process. RA aggregates after milling seem to be finer than their initial grading, with a few
more fine particles in the milled products. The flakiness index evolution was also studied. This
property showed a slight decrease due to milling, but this decrease remained in the order of
repeatability of the test, according to the related standard. Another key parameter that could have been
studied is the wear of cutting tools, which has been considered as negligible during this study; this
remains as a priority for future work.
Jean-Baptiste Gobert, Thomas Gabet*

*

Jean-Baptiste Gobert was in charge of the task 4.1. But he left IFSTTAR (LCPC), Thomas Gabet was mainly involved in
the editing of this deliverable.
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1. INTRODUCTION
The aim of Task 4.1 of the Re-Road project as stated in the Annex 1 of the Grant Agreement was to
assess the present level of technology and identify the influence of different milling operations on the
crushing of the large aggregate and on filler production in the RA together with the influence from
polished old surface aggregate in thin surfacing to future reuse. Then it was intended to relate the
characteristics of recycled aggregates (obtained from former asphalt bound layers) to milling settings
for the purpose of possibly improving milling operations.
The milling is considered only cold because it is almost the only technique used currently in France
(LCPC is the single partner working in task 4.1). Further the impact of fine milling (that eliminates
big slabs and chunks) vs. “rough” milling (under conditions that do not eliminate the biggest chunks)
followed by ordinary crushing (similar to the crushing in quarries) was not examined in this study.
This report presents the results of the work done in task 4.1. It first addresses what was found in the
literature about the present level of technology, supplemented with additional data coming from
monitored milling operations. The question of the aggregate evolution during cold milling is
analyzed. Then it describes the road works monitoring that was done on several sites, which aimed at
sampling RA obtained with various milling settings. This report finally concludes on the relative
importance of careful selection of milling parameters. It rather draws the reader’s attention out on
methods and practices needed to optimize the quality of milled products.

2. COLD MILLING – PRESENT LEVEL OF TECHNOLOGY
The emergence of milling machines has modified the road maintenance techniques from the 70’s, and
before which, the road deterioration (deformation, cracking etc) were generally overlaid with new
road materials. In the case of major weaknesses, roads were totally reconstructed.
The milling machines have brought the possibility to perform selective deconstruction of the existing
pavement with the milled surface providing a high quality substrate. Given the age of many
infrastructures around the world, milling machines are being used more and more on road
maintenance projects.
Cold milling can be defined as the disintegration and removal of materials to a determined depth by
action of a rotating drum equipped with teeth, spikes or knives, at ambient temperature.
A distinction can be made with hot milling which uses similar disintegration systems, but for which
the material is previously heated in order to soften it. These hot milling machines are not addressed in
the present report because hot in-situ recycling (that requires hot milling) is not used in France since it
was related to health problems caused to operators. Furthermore, hot milling to reclaim bituminous
material is not performed because there is no direct interest on technical, environmental or economical
grounds.

Cold milling works can be performed in order to reach various objectives:


Improve the adherence conditions: fine milling machines can just remove the very first
millimetres of the smoothed existing surface in order to regain roughness and adherence;
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Reshape the road surface: milling allows restoring the initial road profile by removing some
material instead of overlaying where there is a lack of road material (collapsing, stripping,
potholes, etc.). In this case, milling also restores drainage flow.
Lower the road surface: milling prevents the road from being elevated too much because of
regular overlays that are not consistent with bridge clearances, thresholds for entrance ramps
and kerbs, bridge overloads, etc. The defective materials are removed without deconstructing
the whole structure.
Totally deconstruct the existing road: in this case, all materials are removed and a new
structure is laid.

Milling can also be used for other atypical
applications like the “Lateral Acoustical
Alerting Device” from Roto-Mill Services
Ltd. which consists in transverse milled
strips (10cm-wide) engraved at regular
spaces on a circulated area for increasing
the rolling noise. It aims at alerting the
driver to slow down or preventing the
pedestrians from crossing.

Illustration 1: “Lateral Acoustical Alerting Device”
from Roto-Mill Services Ltd

(Source: http://www.rotomillservices.com/d.htm)
Similar patterns have also been tested in
Denmark. In this case, sinusoidal
indentations are engraved longitudinally in
the middle of the road, on both sides of the
centre line marking. The aim is to warn the
driver when accidentally crossing the
centre line marking by creating noise and
vibrations. The traffic safety is hence
improved.

Illustration 2: Sinusoidal rumble-strips for division
of traffic lanes. Highway near Skive in Jutland,
Denmark

(Source: Danish Road Institute)
Both concrete and asphalt pavements can be milled. The milling is usually performed by the same
machines for the two materials. However, milling of concrete can be more power-consuming and the
cutting tools shall be selected amongst the more resistant models. Stabilisers, mixing in-place soils
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with various binders, are also performed with similar equipments and can be considered as cold
milling machines. However, according to the Re-Road project’s scope, only asphalt materials are
addressed in this report.
This report first draws a short state of the art of current cold milling practices and then recounts the
results of the study performed on several cold milling operations regarding the evolution of the
intrinsic characteristics of the natural aggregates contained in the RA under the action of the milling
machine. Further information on milling machines can be obtained with the machine manufacturers,
and some of them have produced quite comprehensive documents on the existing technologies [1] [2].

2.1. Cold milling machines
2.1.1.

History

The first experiences on concrete or asphalt pavement are approximately 40 years old when a grade
trimmer was upgraded to mill asphalt pavement. Amongst the first machines available, the “RotoMill” machines (by Roto-mill Services Ltd) were designed in the late 70’s in the United States.
Such a machine was used in 1978 in France for full-width milling of concrete slabs [3]. The cutting
tools were already made of tungsten carbide. The machine could yet mill up to 3.8 meters wide with
750-horsepower available.
In 1978, the French experience deemed that “In the United States the development of the use of this
machine is very fast, especially because it allows the material recycling (mainly RA). The experience
with this process is hence chiefly American but some machines are already used or will soon be
purchased in Europe.” [3]

Illustration 3: One of the first uses of large milling machine in France (source: [3])

In France, the spreading of such machines was rather fast and 12 high-yield milling machines were
purchased by French companies in 1983 because of the regulatory context [4] [5].
Since that time significant advancements in size, horsepower, milling width, milling depth,
production, and cost-efficiency have been made. Now cold milling machines are firmly established as
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road-building technologies in many countries and it is assumed that there has been a major boom for
milling machines sales in the past decade.
It is very probable that most of the maintenance road works will soon incorporate preliminary milling
preparations.
2.1.2.

Manufacturers

Currently the offer in cold milling machine is fairly wide and many manufacturers provide a wide
range of machines regarding the milling width and depth, horsepower, manoeuvrability, etc.: These
include Bomag, Caterpillar, Dynapac, Roadtec, Terex Roadbuilding , Volvo, Wirtgen…
Some websites (e.g. http://www.constructionequipment.com/) provide useful comparative information
about the available types of machines for contractors who need to purchase, rent or use such
equipment.
2.1.3.

Past and currents improvements

The main progress by the manufacturers has concerned the productivity, safety, reliability and
serviceability of the machines.
From the start, the focus was on the power of the cutting drum which was necessary for removing a
maximum amount of material in one pass. The improvements on the cutting tools increased their
durability and the milling yields, as well as the efficiency of the milling. Their mounting system also
helped to lower the maintenance times.
Another area of improvement was for controls which have largely been automated with the
development of electronic sensors. Milling machines hence follow the same trend as other civil
engineering machines. Automation added precision to the milling process concerning slope, depth and
speed.

2.2. Cold milling machine main elements
2.2.1.

Cutting and fragmenting system

Cold milling machines are equipped with a cutter drum with easily replaceable tungsten carbide
cutting tools. The orientation of the cutting tools is in a helical or spiral pattern that moves the
reclaimed material to the centre of the drum so that it can be easily removed by the conveyor or left
on the milled pavement for an in-place use.
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Illustration 4 : Milling drum and cutting tools maintenance

The cutting drum is confined into a chamber delimited by a hydraulically lifting housing door
(scrapper blade) at the rear and by plates on the sides. These elements aim at reducing the amount of
cleanup required, make the job easier when milling near kerbs or other obstacles and maintain the
milled products in a volume in which the milled materials are subject to further fragmentation by
chocks and attrition.
Traditionally, milling is accomplished in an up-cut direction. Some machines perform a down-cut
milling to try to limit slabs production and to allow pulverizing and mixing.
The cutting drum can be changed on most of milling, so that the operator can adapt the parameters
(mainly width) to the job to be performed. Depending upon the type of machine used, milling depths
of up to 35 cm and milling widths between 30 cm and 4.30 m can be achieved. For instance, the
manufacturer WIRTGEN has come with the FCS systems (“Flexible Cutter System”): milling drums
could be supposedly changed in two to three hours.
There is an extensive range of available machines from mini-milling machines (approximately 50 cmwide) used for localized milling around manholes and valves or for trenches to high capacity
machines capable of milling the full width of one lane at once (up to almost 4 m).
Larger machines (half-lane and above) are used for maintenance works on highways or other highcapacity roads, and smaller ones are rather used for urban works or preparatory works. Medium-size
machines are particularly adapted to perform cut joints or medium road works.
On milling machines the drum rotation speed is usually selected in a range between 1800-2000
rotations per minutes. The high-speed selection is for maximum speed on small cutting depths (less
than 5 cm), and standard cutting speed is used to provide maximum horsepower and efficiency at
normal cutting depths (10-20 cm).
2.2.2.

Cutting tools
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Milling drums are equipped with cutting tools (“teeth”) made of tungsten carbide and cobalt which is
very resistant to wear and tear and to the high temperatures that can be reached in the milling
chamber.
The cutting tools forward speed, shape, number, arrangement on the milling drum, and their level of
wear is essential for the fragmentation of the road materials. The material hardness (concrete and
asphalt) will determine the frequency required to change the cutting tools. Besides, the quality of
fragmentation and the evenness of the milling surface depend on adapted cutting equipment. The
cutting tools should have homogenous and limited wear so that the milled surface also has a
homogenous aspect with regular asperities (roughness for adherence or bonding of layers above).
Indeed, as the tool wears, the actual diameter of the cutting tool’s head increases (it becomes more
rounded, see illustration 5) and the penetration force and the yield decrease. Tools manufacturers
hence provide some gauges (calipres) that assist the user in assessing the level of wear of the cutting
tools. They give indications about when it is time to replace the used tools. Despite cutting tools are
not studied here, they could be an interesting subject of study.

Illustration 5 : Two different types of tools with various level of wear

The first milling drums had welded cutting tools so that it took a fairly long time to replace them.
Manufacturers have consequently worked out easy replaceable tools and toolholders that maintain the
tool attached to the drum. The maintenance delays are hence reduced. The toolholders permit the
rotation of the cutting tool on its axis so that the tool can wear as homogeneously as possible (it is not
always the same side that cuts the road material).
2.2.3.

Water input

The use of water to lower the problem of dust and cool down the cutting tools is widely spread on
cold milling machines. The water is sprinkled by nozzles located on the milling drum and connected
to a water tank. The water flow is usually controlled by a volumetric pump and can be linked to the
milling machine forward speed.
2.2.4.

Evacuation of milled products

Beneficiary - 02-IFSTTAR
Author : J.B. GOBERT

Page 14 of 51

Grant SCP7-GA-2008-218747
File : D43_final.doc

Re - Road

Deliverable
Milling operation: possible influence on gradation
and aggregate properties

WP 4
D4.3
022012-11-26
IFSTTAR

final
PU

Removal can be performed with a conveyor placed at the front (front-loading) or at the back (backloading) of the machine, or it can be the milled materials can be left in place and loaded afterwards (as
in the case of in-place recycling machines).
The front-loading machines have several benefits: the milling machine driver has a good vision of the
whole operation area and monitor the correct truck loading. This type of loading is used for most of
the bigger milling machines.
The conveyor can often rotate and be elevated as much as necessary in order to be correctly placed
above the truck. The conveyor speed can be tuned so that materials can be loaded on the whole length
of the container.
On large machines the conveyor can be folded so that the space during the machine transport form one
jobsite to another can be reduced as much as possible.

Illustration 6 : Front-loading (credit: LCPC)

2.2.5.

Driving system

The cold milling machines can be driven either by wheels or, the most often, by crawlers. Crawlers
(that is, tracked vehicles) are generally used on the bigger machines. The machines can be operated
with front steering, rear steering, and/or all-track steering. This permits easy manoeuvring with respect
to small radius turns found on some roadway intersections.
The automated speed control allows the operator to maintain a constant speed of operation and
direction of travel without being adversely affected by the rotation of the milling drum.
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Illustration 7 : Front crawlers on W2000 WIRTGEN milling machine

2.2.6.

Operator panel

The machine is controlled from the operator panel. On the driver/operator platform, identical
symmetrical control consoles are installed on the left and right; it allows to correctly aligning the
extremity of the cutting drum on both sides depending on the work to perform.
The driver assistant walks besides the machine, monitors the correct functioning of the operation and
can also tune some of the machine elements.
The levelling can be manual or automatic, but the automatic levelling system ensures that a constant
milling depth is maintained. It is similar to the ones used for other machines (e.g. finishers, graders).
They can use level references (ground, grade line, etc.) or sensors (e.g. laser, ultrasound, infrared).

2.3. Execution of the milling work
This section brings some information about the way the milling operations were performed for the
road works that were monitored in the scope of task 4.1 of the Re-Road project. Because of the
opportunities, only national roads were considered by the milling operations. All of these were
expressways except for one. The milling machines consequently chosen were the biggest ones, as
there is no difficulty caused by an urban environment.
2.3.1. Preparation
The machine is transported to the jobsite by a low loader carrying the milling machine. Once
transported to the work site the workers operate autonomously during the whole period of the milling
operation.
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Illustration 8 : semi-trailer carrying the milling machine and the driver’s car

The staff consists of two people: the driver and one site worker, who assists the driver mainly in
guiding the machine and assessing the quality of the milled surface. Other workers are also present on
the site: semi-trailer drivers, taking the milled materials to the recycling plant or storage facilities,
sweeper driver, etc.
2.3.2. Organisation of the passes
On multi-lanes roads, the milling machine cannot mill the road on its full width. The contractor has
hence to organise the passes depending on the milling total width, but also with regards to the milling
depth (related to the machine power), whether it wants to perform selective milling (that is, several
passes at the same spot to remove and sort the materials by layer.
It is very often that the contractor decides to mill its products all at the same time (one deep pass
rather than two thinner passes) even if the sorted materials or finer RA could be interesting in terms of
recycling. Effectively the traffic has to be restored as quickly as possible, and the traffic disturbances
are of primary importance especially in urban areas (politics, safety aspects, etc.) or very busy roads.
Similarly the forward speed is usually set at a high level even if the RA is not as fine as it could be
when it is supposed to be recycled. However the contractor may prefer to cut the milling time down
and perform an additional crushing for the same reasons of traffic disturbances. The only limitation is
actually the power of the machine and the quality of the milled surface.

2.4. Milling
The operator sets the parameters regarding the material to mill, the machine power, etc. The milling
depth and the slope are set at the beginning of the operation. They can be readjusted when necessary
by both the driver and his assistant.
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Illustration 9 : WIRTGEN W2000 monitoring screen

A horn is used for regulating the semi-trailer advancement regarding the milling machine forward
speed: the first blow means “go forth”; the second means “stop”. It hence prevents the milled material
to land outside the semi-trailer, and allows a homogenous loading of the trailer (along with the ability
to vary the conveyor speed).
The forward progression and lateral positioning is set and readjusted with a joystick placed just
besides the horn. The driver is almost constantly manoeuvring the machine via the joystick in order to
prevent any drift of the device.
The cooling water flow is mainly determined function of the material hardness and the difficulty the
machine encounters in progressing; the driver is able to “feel” (machine vibrations, noise, etc…)
whether the machine is correctly tuned or he/she is putting too much pressure on the cutting tool. The
dust emission is not a limiting factor. Wear of cutting tools is closely related to the pressure put on the
cutting drum.
In case of night works, the principle does not change. Powerful spotlights are installed on the milling
machine; they illuminate both sides of the milling machine (lateral positioning of the milling machine)
and its rear (in order to check up the milled surface quality). There is no particular hazard to be aware
of, except those that would apply to any night work.
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Joystick for forward
speed control
Horn for warning or
requiring the semi-trailer
to go forth

Tuning of water flow. It was
Screen for global
set at 100% or ¾ of the
monitoring of the milling maximum flow for the test
parameters.
that were performed

Illustration 10: drivers’ panel

Once the RA is dumped in the semi-trailer, it is brought to the recycling plant or the storage platform.
The milling machine has to stop and wait until an empty semi-trailer gets ready for being loaded
(illustration 11). This time, around 30 seconds, has to be considered when talking about milling yields
and global forward speed.

Illustration 11: rear semi-trailer loading
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In some cases, semi-trailers can be replaced by smaller transport engines (small quantities to mill,
urban job, etc.). Similarly, the semi-trailer can also be replaced by bigger engines like dumpers that
are used for earthworks jobs. Illustration 12 displays such a case where the access to the pavement to
be deconstructed was done through an embankment which surface was not stabilised.

Illustration 12 : rear loading of dumper used for RA transport

2.4.1.

Sweeping

The cold milling operation is followed by a clean sweeping of the milled surface in order to remove
most of the remaining milled materials, for several reasons:
 Safety, when the road is to be temporarily trafficked just after the milling operation,
 To improve bonding between the milled surface and the new material to be laid, and hence
ensure the longevity of the new pavement. The usual way to accomplish this sweeping is by
using a modern mechanical broom.
The sweeping phase may also be a subject of study. Indeed, this operation is essential for the reasons
cited below, but no criterion ensures that there is no dust anymore on the sweep surface. This lack of
quality control may be a cause of subsequent debonding problems.
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Illustration 13 : Sweeping machine following the milling machine

2.4.2.

Requirements for the milled surface

Whatever the context in which the surface is milled (procurement, subcontracting, etc.), there are
regularity requirements for the quality of the surface. This is why there is often an acceptance of the
milling works previous to the laying of the tack coat. When the planed surface is to be trafficked
temporarily this assessment is aimed at making sure the surface finish complies with the local
requirements.
The regularity of the milled surface shall be compatible with the technique used for asphalt
resurfacing (depending on the thickness of the surfacing and its ability to recover level unevenness).
The accepted tolerances depend on the aim of the milling (thin milling for resurfacing or deep milling
for structural weaknesses) but they are often set at less than +/- 0.5 cm. When the stripes reach or
overpass 1 cm, problems may appear. When the road is immediately circulated, stripes may represent
a danger for motor bikers. When the milled surface is recovered, and when the new material to be laid
is a thin layer, like a French BBTM (2.5 cm thick), compacting problems have been observed in the
past, as well as debonding problems.

Illustration 14: Rough milled surface which will be overlaid by a new asphalt layer.
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It is recommended not to mill close to an interface between two different road layers. Indeed, there is
a risk that a thin layer of the upper layer remains after the milling. According to some experts, it
should be simply forbidden! If the milled surface is to be overlaid with a new road layer, these
remaining “slabs” may decrease the quality of the bonding and/or lead to debonded slabs. Still
according to some experts, milling at least at 1 cm below the interface should be mandatory. In that
case when interface zone would appear, milling should be done again (illustration 15).

Illustration 15 : Milling near an interface between two road layers can induce bad milled surface.

2.4.3.

Requirements for milling products

The milled materials can be reclaimed and then reused in new mixes. It is a source of savings of nonrenewable, natural resources (aggregates and binder). The requirements for the milling products
depend on their eventual use and the followings parameters are taken into account:
 recovered binder properties and binder content,
 aggregates properties and aggregate type,
 RA origin (traceability)
 grading,
 homogeneity (in case of several sources),
The regularity of the RA parameters is one of the main preoccupations when the RA is to be recycled.
The level of homogeneity may limit the maximum quantity of RA that can be reincorporated into the
new mixture.
If the RA is recycled using hot techniques, the water content is of primary importance. The RA water
content mainly depends on:
 the RA storage conditions after the milling when the recovered material is not reused directly
after milling. It has been observed that after some storage time without being moved, a
protecting “crust” is formed on the top of the RA pile which maintains the water content at a
stable level.
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the weather during the milling operation (e.g. if it was raining during the work) and the cooling
water flow during milling when the material is reused in-situ, just after milling.

If the reclaimed material is wet, the energy to dry it before its reincorporation into the new mixture is
increased (in case of non-cold mixes). It is said that a common RA water content after milling is
around 3 % and varies usually from 1.5 to 7 % [7]. When the RA is to be reused immediately after the
milling, allowed water contents are about 3 % contractually.
When the material is reused in a hot mixture, the maximum particle size has to be limited in order to
ensure that the RA aggregates (virgin aggregates + bitumen) are totally softened and mixed with the
additional binder and aggregates. The EN 13108-1 norm (chapter 4.4, RA in new hot, in-plant
mixtures) does not provide a maximum size for the RAs, DRA. It is required that the particle size has
to be consistent with the new aggregate maximum size Dmax. Usually, the maximum RA size DRA can
be set up at around 25-31.5 mm.

2.5. Possible influence of the milling on aggregates
The expected evolutions mainly concern the particle sizes (for any fraction) which are supposed to
decrease because of possible fragmentation and attrition. In parallel it is possible to expect:
 the flakiness to be modified, but it is quite difficult to anticipate its evolution (increase or
decrease of the flakiness index),
 the angularity and roughness to change (creation of new broken faces delimited by sharp
angles, attrition),
 the fines content to increase because of the aggregate “crushing” under the cutting tools action.
However, the fine content may also decrease because of the loss of fines during milled surface
sweeping. Usually it increases of 2 or 3% (order of magnitude).
There is only little available information about the transformation of natural aggregates contained in
bituminous mixtures during the operation of milling. The question of the RA characteristics depending
on the milling settings was addressed by the SCORE project and described in one of its deliverable
[9]. However the study does not address the evolution of stripped aggregates.
Further, it is claimed in the French literature [6], « the asphalt materials contained into the cores
extracted from the existing pavement cannot be suitable for the RA characterisation because the
natural aggregate grading evolves during the industrial reclaim operation (milling or deconstruction
and crushing). For instance during the milling the D of natural aggregates decreases by about 2 to 3
mm while the fine content increases by 2 or 3 % ». However the definition of a 2-3 mm loss in the D
of the natural aggregate greatly depends on the grading definition and this point is unfortunately not
detailed. TRL Report 645 [8] showed that the grading of the milled RA tended to contain a higher
ratio of fine aggregates compared with the original grading of the as laid material. This slight increase
in the fines occurs as a direct result of the milling operation.

3. FIELD STUDY
According to the work plan, several field surveys were initiated on milling road works.
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3.1. Principles
The following sketch provides the general protocol that was decided for the study.

Illustration 16 : tests for the field studies

Whenever it was possible, cores were extracted some days before the milling operation itself because
the milling usually starts right after the traffic neutralisation and the intention was not to disturb the
milling contractor when working just ahead of them on the same day. The cores were analysed
visually according to [10].
The cores were cut at the milling depth in order to keep the same material proportions as in the milled
mixture. Sometimes it was not possible to extract a core to the full depth of the material that was
subsequently milled so these were not deep enough to be taken into account in the analysis.
Two samples were taken for each milling setting (usually 3 forward speeds and 2 water flows giving a
total of 6 settings):
 The first one was approximately 30 kg and was used for RA grading and further aggregate
testing,
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The second was approximately 6 kg and was dedicated to RA water content. The samples were
weighed on site so that the determination of the water content according to the EN 1097-5 was
possible.

The samples are taken according to the EN 932-1, annex C, and reduced in rifle box (EN 932-2, 40
mm wide slots) down to 6 kg (3 times 2 kg that could fit in the binder extracting machine). As the
reduction was performed some time after the sampling, the samples were each poured 3 times in the
box before it was actually reduced. This helps the homogenisation and the material crumbling.
Then the binder of both the cores and the milled products was extracted in an “asphalt analysator” (see
the description at http://www.sinydec.com/en/products/asphaltaggregates/2009/0811/128.html) which
allows the binder extraction and content determination of bituminous materials according to the EN
12697-1. The solvent used was tetrachloroethylene.

Illustration 17 : Asphalt Analysator (left) and sieve drum and centrifuge cup (right)

Bituminous materials (the sieve drum allows up to 3.5 kg but the usual weight used was 2.5 kg, in
order to correctly get rid of all the bitumen) are weighed into the sieve drum, placed into the washing
chamber and then automatically washed by means of solvents and ultrasound.
Minerals are left in the sieve drum and the fine particles end up in the centrifuge cup (equipped with a
paper filter). The binder solubilised in the solvent has not been recovered. However, the machine
permits the binder recovery by distillation. After the washing process, minerals and fillers are dried
automatically. The extraction time was about 50 min.
Two types of tests were initially planned:
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Binder tests: needle penetration and softening point: these tests were not performed because of
equipment and manpower unavailability
Aggregate tests: the main ones were grading, flakiness index, Los Angeles and Micro Deval
tests according to the relevant standards (see Illustration 16).

Finally the analysis of the consolidated results was performed, while comparing cores and milled
material.

3.2. Milling parameters chosen for the case studies
It is quite obvious that the mechanical and physical characteristics of milled products depend on the
existing road pavement (binder, aggregates, material density and stiffness, etc.) and milling
parameters like depth. It is also clear that some of the milling parameters are of great importance on
the mechanical and physical characteristics of RA [9]. However there is no evidence that these
parameters can influence the geometrical characteristics of the aggregates contained in the RA. Some
parameters can easily be studied:


Milling depth: the milling depth is set during the preliminary surveys by the road owner in
agreement with the milling contractor. At first it was planned to have the milling depth varying
on continuous sections, in order to compare the effects of the “selective” milling vs. milling all
at once. But regarding the actual conditions of the field constraints (contractual deadlines,
traffic disturbance, etc.), this idea was finally abandoned in agreement with the road owners.
For the owner, the job must be as furtive as possible for a “good” RA quality. Furtiveness
remains one of the major parameters.



Road materials: because of the (almost) impossibility to find two roads with exactly the same
road materials, their characteristics cannot be considered as a “parameter”.



Machine type and characteristics (drum diameter, number and tool positioning on the drum,
etc.): these parameters depend on the machine that is used for the operation and we did not
have the opportunity to find a road work where the same milling operation could be performed
by two different machines.



Drum rotation speed: on the machines that were used for the field survey, the drum rotation
speed is not directly controlled by the driver but it is a consequence of other tunings (at least
on some of the W2000 machines). Illustration 18 was drawn out of the measurements taken
during the N164 road work; it displays the mean drum rotation speed (n/min) versus thee
hydraulic pressure on the drum (bar). The higher the pressure, the lower the rotation speed.
However the difference in the drum rotation speeds is quite low (variation of about 5%).
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Illustration 18 : Pressure vs. rotation speed on W2000 used on N164 milling work

Finally, two main parameters were selected:




the machine forward speed, which appeared to be linked to the hydraulic pressure on the
cutting drum (i.e. basically the power needed for milling the pavement). This hydraulic
pressure was finally the chosen parameter because it is directly controlled by the driver.
Depending on the milling “aggressiveness”, the aggregates may be subject to various wear.
the water flow : the water being some kind of lubricant as well as a coolant, its flow may have
a significant impact on the milling “aggressiveness”. The aggregates may be less damaged if
more water is added during the milling.

Amongst all the necessary assumptions that were made about the field conditions, it was considered
that the cutting tools wear has almost constant between the beginning and the end of the monitoring. It
has to be noted here that such an assumption would be considered as false for an entire jobsite.

3.3. Impact of coring on the aggregates geometry
Geometries (grading, flakiness) of initial material (from coring) and final material (milling products)
are influenced by coring and milling effects, respectively. In the first case, some aggregates are cut by
the corer, which might affect the grading curve of the initial aggregates. This effect is an artefact and
must be corrected in the following analysis. Effects of coring and milling are very close. Consequently
there is a risk that the comparison between aggregates extracted from cores and aggregates extracted
from milled products does not reach any conclusion if these two effects have a similar magnitude.
The assessment of the impact of coring on aggregates was performed as described below. It was first
done only for the N164 road work because the spare cores from the A11 one were greatly
disaggregated when extracted from the pavement.
Two spare cores from the N164 road work where selected and softened in an oven. The cut surfaces
(periphery and bottom) of the cores were brushed in order to remove the cut aggregates. The idea was
also not to remove too much material because it could have artificially modified the grading curve.
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Illustration 19: elimination of surface aggregates on N164 core

The following graph displays two curves:
 DD-M 09-23: MEAN C represents the grading of the aggregates obtained by removing the
binder,
 DD-M 09-23: cores without surface aggregates represent the mean grading of core no’s 7 and
8 after removing the cut aggregates.
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Illustration 20 : Impact of coring on material grading curves (N164)

The first curve (MEAN C) has less aggregates than the “cores without surface aggregates”, in the 1/10
fraction. It can be interpreted by the fact that cut aggregates are smaller than the ones existing in the
pavement. In this study, the effects due to removing cut aggregates from the cores are considered as
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significant. It has been decided for the rest of the study to compare samples of milled products to the
grading curves of cores without the peripheral (cut) aggregates.

3.4. Case studies
In order to assess the impact of milling on RA aggregates, several road works were monitored. The
choice of these works was rather guided by the road owners’ goodwill because the planning of such
milling operation is usually really tight (traffic constraints) and they usually have no spare time to
consider research investigations. However, some road owners allowed us to access their worksites as
shown in Table 1.
Table 1: Description of the case studies

Number

Road
designation

Date

Road owner

1

A11(E50)

2009-06-16

COFIROUTE

2

N164

2009-08-24

3

N141 (E603)

2010-09-06

4
5

N12 (E50)
N12 (E50)

2010-11-08
2010-11-22

DIR Ouest
DIR
Atlantique
DIR Ouest
DIR Ouest

Road type
highway
(conceded)
Expressway
2-ways
carriageway
Expressway
Expressway

Milling
depth

Machine

-16/19 cm

W2000

- 6 cm

W2000
Caterpillar
PM200
W2000
W2000

- 10 cm
-4 cm
-28 cm

The following illustration gives an overview of the worksites locations (the numbering is given in the
previous table).
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Illustration 21: Location of worksites

3.4.1.

Motorway A11 (E50)

First contacts were taken with the company COLAS about a milling operation occurring on the A11
(E50) highway, conceded to COFIROUTE near THIVARS, FRANCE. It was part of a maintenance
work. The given reason of this work was a global wear of the structure. The milled products were
stored on a platform located approximately 15 km from the milling site.
The milling was subcontracted to ERCO which is a specialised milling company. Cores were
extracted some time previously by the state laboratory « Laboratoire Régional de l’Ouest Parisien »
(LROP, Trappes, France).
There were actually two milling operations: up to the subbase (-19 and -16 cm) for the first and only
the surfacing (-4 cm of porous asphalt) for the second section. Only the first operation was monitored.
The milling concerned the slow lane and it was performed in two passes: A first 2 m wide pass
aligned on the right road marking of the slow lane and a second 1.5 m wide pass aligned on the left
road marking.
The RA was sampled during the milling of the first pass. The cores were located on the lane centre
and not in the wheel paths because it was assumed that it was the most representative of the overall
road material.

Illustration 22 : location of cores and milling pass (A11)
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Illustration 23: A11 core

The structure consisted in 4 main layers:
4 to 5 cm of porous asphalt 0/10
2 to 3 cm of porous asphalt 0/14
7 cm of dense bitumen macadam
14+ cm of bitumen-bound sand
The structure is globally very heterogeneous and, in some cores, the dense bitumen macadam
layer is almost totally cleared of any binder! Because the milling depth has been changed during
the monitoring, the results (mainly grading) have been corrected with respect to the variation of 3
cm of bitumen bound sand at the bottom of the milled pavement. It must be noticed that the
observed layers debonding can also have a strong influence on the following results.

The actual parameters of the milling are given in the following table.
Table 2 : parameters for A11 work

Modality

Measured
mean speed
(m/min)

1
2
3
4
5
6

8.3
7.3
10.4
7.5
9.3
6.3
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Actual
milling
depth
(cm)
-19
-19
-19
-19
-16
-16

Samples
(RA)

RA
flakiness
index (%)

P1
P2
P3
P4
P5
P6

10
12
13
10
11
10

RA
water
content
(%)
5.1
6.1
6.7
8.0
5.4
4.7
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The abnormally low value for n°4 (normally the aim was to progress as fast as n°3) compared to
the other ones may be explained by the fact that the milling depth was changed after 21 m on n°4
(from -19 to -16 cm). N°4 was hence stopped at 21 m and the mean speed is lowered because of
the start-up/stop of the milling.
The higher speed for n°5 compared to n°6 may be explained by the material heterogeneity, the
subbase consistency changing radically from core 1-4 to core 5-6. The material being less
consistent, the machine mills it more easily and the speed can be slightly increased.
Regarding the RA water content, the figures are given in the table just for information and are not
discussed because of the uncertainty related to the rainy conditions during the milling work.
The RA flakiness index has been determined and there is no major information to notice (an effect
of a fast machine progress could have lead to more slabs and a higher flakiness index).
Nevertheless it can be noticed that the higher value is obtained for the fastest milling (no. 3). At
this stage, the observed differences can not be considered significant.
The various materials have been cleared of the binder and the grading was performed for each
core and milled products. The mean grading was determined for cores and milled products, and
compared (Illustration 24). Globally, milled products are finer than the core materials, and there is
about 2 % more fines in the milled products.
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Illustration 24: mean grading curves for binder-free cores (C) and milled products (P) (A11)

A test was done for assessing the impact of the milling parameters on the grading and flakiness
index. The grading curves are given hereafter (Illustration 25).
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Illustration 25: grading curves of milled products (A11) after extraction of bitumen

Because of the change in milling depth for no. 5 and no. 6, the two corresponding curves are
coarser (less bitumen-bound sand). No. 6 (slower than no. 5, same pressure and less water) is finer
than no.5. With respect to the reduced variations for all the other modalities and the abnormal
change in the forward speed, this variation between no’s 5 and 6 is probably due to material
heterogeneity.
It is noticeable that high hydraulic pressure (mode no’s 3 and 4) seems to lead to finer milled
aggregates, in comparison with mode no’s 1 and 2.
However, there is no significant impact of the water input on the grading (particularly no’s 1/2,
and no’s 3/4).
Regarding the flakiness index of the reclaimed aggregates, the results are displayed in the
following table:
Table 3 : Flakiness index of aggregates (A11) after binder extraction

Designation (P=milled products, C=core)
P1
P2
P3
P4
P5
P6
Mean value for milled products
C1
C4
Mean value for cores
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The results are quite homogeneous with respect to the apparent heterogeneity observed on the
cores. There is a mean loss of 2 points during milling (mean values decreasing from 14 to 12).
The cores are more likely to contain additional flaky aggregate as a result of the coring process
which would be in keeping with the results shown in Table 3.
Such analysis remains difficult for several reasons. The influence of water flow, over the range of
water flows assessed, on the RA aggregate properties was not significant.. The order of magnitude
of the difference between the results is sometimes close to the repeatability of the tests, or can be
related to noticeable defects of some samples, like debonded cores, complex and variable
structure of the road …
3.4.2.

N164

A second site investigation was performed by the Direction Interdepartementale des Routes Ouest
(DIRO, regional road state agency) in August 2009. The DIRO is responsible for the whole state
road network in the west part of France (mainly Brittany) either for designing and constructing
new roads and maintain the existing road network. The present work was part of their 2009
maintenance program and concerned the N164 road (dual 2 lane expressway) near the town of
Merdrignac. It consisted in the renewal of the first 6 cm of a surface asphalt surfacing 0/14 only
on the slow lane and on the eastbound side of the road (direction Brittany-Paris). The site was
about 1600 m long, which represent a fairly small road work regarding the volume of materials
(approximately 700 tons). The maintenance was decided because some ruts have been noticed at
several places on the slow lane (study from the state laboratory Laboratoire Régional des Ponts et
Chaussées (LRPC) at Saint-Brieuc based on the analysis of several cores taken on a transverse
section of the road.
In the scope of Re-Road, cores were extracted sometime previous to the milling job by the LRPC
of Saint-Brieuc. They were located in the middle of the slow lane. EUROVIA was the main
contractor and the milling was subcontracted to BREMAT. A WIRTGEN W2000 milling
machine was used and it was followed by a sweeper provided by FRANCE BALAYAGE. The
milling to a depth of 6 cm was performed in two passes: the first from the right side of the slow
lane including the paintings and 2 metres in width and the second on the remaining
(approximately 1.70 metres) to complete the milling.
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Illustration 26: coring, milling and sweeping on N164

Illustration 27: N164 core

The structure consisted in 4 main layers: 5 cm of thin asphalt surfacing 0/14, 4 cm of thin asphalt
surfacing 0/14, 18 cm of bitumen-bound graded aggregate 0/20, and cement bound graded
aggregate (sub-base). The structure is very homogenous and the layers are correctly bonded
(during the extraction the cores are broken at the interface between the bitumen-bound graded
aggregate layer and the hydraulically bound lower layer.
The actual parameters of the milling are given in the following table.
Table 4 : N164 milling parameters and RA properties

N°

Measured
mean speed
(m/min)

1
2
3
4

9.6
10.0
18.4
19.0

Mean
hydraulic
pressure
(bar)
94
94
129
131
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index (%)

RA water
content
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2182
2185
2116
2102
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Medium
Low

P1
P2
P3
P4

21
17
18
18

2.6
1.1
1.9
1.1
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These parameters are not completely independent from each other. Indeed, the slower the machine
advances, the more water added for the same water flow (for a given quantity of milled products), and
the greater the water flow, the higher the water content in the RA. Thus, slowing down and decreasing
the water flow in the same time seem to compensate each other. Thus, there is no general rule to draw
out from the results, only trends can be observed. The driest material is obtained for the fastest move
of the machine with a low water flow. But on the contrary, the second highest moisture content RA
(no. 5) is obtained for opposite parameters (that is, slower speed and medium water flow). The
differences observed in the results are very close to the repeatability of the tests, according to the tests
usually performed.
It is interesting to notice that the highest moisture content RA (no. 1) was obtained for the working
parameters that were decided for the rest of the job. In this case, when RA was expected to be stored
outside for unbound uses, water content in RA was not considered as a key parameter. As a general
rule, however, excessive water should not be added during planing as this can lead to additional
requirements for processing and drying at the plants later. Add just enough water to plane effectively
[11].
The binder of the various materials was removed and the grading was performed for each core and
milled products. The mean grading was determined for cores and milled products, and compared
(Illustration 28). Globally, milled products are finer than the core materials, and there is about 1%
more fines in the milled products. The variations are much smaller than for the A11 road work, which
is consistent with the aggregate resistance (LA/MDE) that is high due to metamorphic and volcanic
rocks).
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Illustration 28: mean grading curves for binder-free cores (C) and milled products (P) (N164)

The examination of each single material grading confirms that:
 variations are very small
 there is no significant trend in the grading variations regarding the machine forward speed and
water input that can be highlighted (Illustration 29).
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Illustration 29: grading curves of binder-free milled products (N164)

Regarding the flakiness index, the results given below show homogenous values either for the
aggregates reclaimed from cores (maybe except no. 1) and those from milled products. The mean
change is a loss of 2% between cores and milled products, however this difference is small and
comparable with the repeatability of the test.
Table 5 : Flakiness index of binder-free aggregates (N164)

Designation (P=milled products, C=core)
P1
P2
P3
P4
P5
P6
Mean value for milled products
C1
C2
C3
C4
C5
C6
Mean value for cores
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A Micro Deval test was performed (MDE=4) but there was not enough material for a Los Angeles test
(EN 1097-2). The low value for the MDE is also consistent with the small changes in grading, the
magnitude of the changes being smaller than for the A11 work.
3.4.3. N141 (E603)
A third site was monitored on the COGNAC bypass on National Road N141. The section is a twoway carriageway with traffic equal to 19300 vehicles per day and 9 % HGV’s (2005 figures). The
road owner is the DIR Atlantique (state regional agency).
The road structure is quite variable on the total extent of the bypass but fairly constant on the 500metres section that was monitored. Regarding the schedule constraints, the monitoring was performed
approximately on the marking on the right edge of the road.
On the emergency lane, the structure is approximately:
 6 cm of asphalt concrete
 30-40cm of hydraulically bound limestone aggregate
Cores were extracted the same day by the LRPC in Bordeaux, France. They were located in the
middle of the milling pass.

Illustration 30: Milling on N141 near a noise barrier, and milling chamber

The general principle of the milling operation consisted in milling the pavement at -10 cm and laying
11 cm of bitumen-bound graded aggregate and 2.5 cm of very thin asphalt surfacing. However on the
section that was concerned by the present project, the milling was performed on the first 6 cm of
asphalt concrete in order to reach the interface between the asphalt concrete and the treated limestone
aggregates.
The machine used for the milling work was a Caterpillar PM200, able to mill a width of 2 m. It differs
from the other road works though the main machine characteristics are quite similar when comparing
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it with the W2000 WIRTGEN machine. The ambient temperature was around 17 °C, the weather
cloudy and fairly humid.

Illustration 31: N141 core
The structure consisted of:
- the top 6 cm of asphalt concrete,
- on the bottom right corner of the picture, the limestone aggregates (light brown zone),
- on the bottom left side of the picture, the actual road lower bitumen-bound layer.
As only the top 6cm of the pavement were milled, the cores were cut at -6cm (no material from the
lower layer) and only the asphalt concrete was recovered for testing.

Illustration 32 : Milling machine on N141 road work and positioning of the pass.
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Table 6 : N141 milling parameters and RA properties

N°

Measured
mean speed
(m/min)

1
2
3
4
5
6
7

10
11
18
18
6
6
10

Mean
hydraulic
pressure
(bar)
120
120
150
180
100
100
120

Water
flow

Samples
(RA)

RA
flakiness
index (%)

RA water
content (%)

P1
P2
P3
P4
P5
P6
P7

14
12
9
12
11
11
12

1.9
3.6
3.8
2.4
3.9
/
3.3

50%
50%
100%
50%
100%
50%
100%

The RA water contents do not match the observations done for the previous milling sites (A11 and
N164). There is no intuitive organisation depending on the milling parameters. One of the
explanations that can be suggested is that milling was performed just on the shoulder and it is
probable that the material was already humid because of the pavement drainage.
The comparison of the mean grading for aggregates reclaimed from cores and RA (without binder)
shows almost no change (Illustration 33) and even coarser material in milled products than in cores. It
could be explained by the fact that some aggregates from the lower unbound layer (coarse aggregates)
have been milled together with the bituminous bound layer, although the differences are small.
This remark emphasises the difficulty to gather relevant information about the material to be milled
during preliminary surveys, in this case because the milling occurs at an interface between a material
that should be reclaimed (bituminous layer) and another one which should not.
100
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Illustration 33: mean grading curves for binder-free cores (C) and milled products (P) (N141)

The fairly constant grading is also visible on each single milled aggregate grading (Illustration 34).
The changes are too minor to be able to identify any effect of the milling parameter on the grading.
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Illustration 34: grading curves of binder-free milled products (N141)

The flakiness index decreases by 3 points (mean value) from coring to milling. Any correlation
between flakiness index values and milling parameters remains difficult to perform, according to the
obtained results
Table 7 : Flakiness index of binder-free aggregates (N141)

Designation (P=milled products, C=core)
P1
P2
P3
P4
P5
P6
P7
Mean value for milled products
C1
C2
C4
C5
C6
C7
Mean value for cores
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3.4.4. N12 (1st site)
Along with the maintenance of the state road network, the DIR Ouest is also responsible for some of
the largest road operations in this part of the country. One of them took place in Pont-Lagot near the
city of Rennes. It consisted in designing a new crossroads between the Rennes’ ring and the N12,
expressway coming from North Brittany. This operation involves some milling of the pavement.
Two operations were monitored on the N12:


the 2010-11-08 and 09 by night: it is designated as “N12 – 1st site”



the 2010-11-22 and 23: it is designated as “N12 – 2nd site”

The first milling operation consisted in milling 4 cm of the old porous asphalt concrete. It was done by
night because of the major traffic constraints due to the proximity of the city of Rennes. The milling
was subcontracted by EUROVIA to BREMAT.
For night work, the milling machines are equipped with spotlights that provide sufficient visibility to
drive the machine accurately. The semi-trailers that carry the milled products to the recycling platform
are guided by the milling machine horn (one to go and another to stop when necessary). Other
measures of security (mainly visibility of pedestrians on the worksite) are similar to other night jobs.

Illustration 35 : N12 – 1st site. Night milling

Because of technical problems which occurred in France at the period when the road work was
planned, the planning was modified and no cores have been reclaimed before the milling. As it was
planned to monitor a second milling operation just besides this one, the milled product sampling was
done anyway, deeming that the surfacing was the same for this present site. Unfortunately it was not
the case (see 3.4.5) and the products reclaimed from this site have not been used for the present survey
(only for assessing the impact of milling on RA).
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3.4.5. N12 (2nd site)
The second N12 site was close to the first and slightly closer to Rennes. The milling consisted in one
full milling of the 28 cm bituminous layers (laid on a hydraulically bound soil or a cement-bound
graded aggregate).
The milling was subcontracted by EUROVIA to BREMAT. The machine that was used was a rather
ancient WIRTGEN W2000 milling machine; the monitoring screen was not functioning (which did
not allow getting the hydraulic pressure and the other milling parameters) and the water potentiometer
was not installed on this model (just an on/off mode). Consequently this monitoring is slightly poorer
than the other ones.

Illustration 36 : N12 – 2nd site and core hole (revealed after milling)

Cores were extracted the same day by the LRPC, Saint-Brieuc. They were located in one side of the
milling pass.

Illustration 37: N12 (2) core

The structure consisted of: 2.5 cm of very thin asphalt surfacing 0/14, 6 cm of medium coarse asphalt
0/14, 18 cm of bitumen-bound graded aggregate 0/20, probably laid at once because of the low
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compaction level at the bottom of this layer. 6 cm of dense bitumen macadam 0/14 or 0/16, probably
being the old road, overlaid without deconstruction.
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In order to optimise the work as much as possible, the machine driver has tried to mill very close to
the central barrier. Thus, 28 cm in depth have been milled, on a width of 2 m, close to the central
safety barrier. Unfortunately, the 30 cm closest to the barrier were made of untreated graded aggregate
(plus a 4 cm bituminous surfacing). It means that the milled material is polluted and cannot be reused
directly in bituminous mixes. Some of the untreated material has been sampled after the milling and
was then combined with the core materials to compare the mix with the milled products (with proper
proportions).

Illustration 38 : 30 cm of untreated graded aggregate milled near the central reserve (N12)
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Illustration 39 : Milling near the central barrier on national road N12
Table 8 : N12 (2) milling parameters

Modality
1
2
3
4
5

Forward speed
(m/min)
4.5
4.0
3.5
1.7
2.0

Water flow

Samples (RA)

Medium
Medium
Low
Medium
Low

P1
P2
P3
P4
P5

Because the milled products (bituminous material + unbound material coming from a given and
known stock) did not correspond to the cores (only bituminous material) the grading of aggregates
without bitumen has been performed on:
 Some material from the stock,
 Some material from the cores,
 A mix obtained with aggregates from the cores and material from the stock, respecting the
proportions of the milled product,
 The milled products.
Illustration 40 shows the mean curve for milled products (MEAN P in red), the mix core+unbound
material coming from the stock (before milling in blue) and the material from the stock (for
information, in green). Theoretically, the difference between the two curves is the influence of the
milling process. However, the variations in the grading are of greater amplitude than those of the other
road works (N164 and N141). It is difficult to determine what is really due to the milling process and
what is due to our hypotheses and handlings.
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Illustration 40: mean grading curves for binder-free cores/central reserve material, central reserve material, and
milled products (P) (N12 (2))

Regarding the possible impact of the milling parameters (illustration 41), the amplitude of the
variations and the curves relative positioning do not allow any conclusion to be drawn in terms of the
comparison. The finest material is obtained for n°4 (low forward speed, medium water flow) whereas
the coarsest is for n°5 (low forward speed, low water flow). The three other modalities (n°1 to 3) do
not differ enough to distinguish any trend. And these changes are even reduced when dealing only
with the bituminous part of the milled products.
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Illustration 41: grading curves of binder-free milled products (N12 (2))

The flakiness index (see the following table) obtained for the milled products P3 and P5
(corresponding to the modalities with a lower water flow) are lower than the others. However it is
more interesting to notice that there is no global variation of the flakiness index of the reclaimed
aggregates before and after milling (23 for both). This is the only case (compared to A11, N164 and
N141) where the mean flakiness index does not decrease.
Unfortunately, this study highlights the difficulty to work on real jobsites. Once decisions have been
taken, and/or once the job is done, it is too late to change anything, like the place to carry out milling
or milling parameters.
Table 9 : Flakiness index of binder-free aggregates (N12 (2))

Cores
Unbound material from the
central reserve
Milled product P1
Milled product P2
Milled product P3
Milled product P4
Milled product P5
Mean value for milled
products
Mix (core/central reserve)
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4. CONCLUSIONS
Water in RA : Quantifying the correlation between RA water content and quantity of water added
during the milling operation remains difficult, despite the trends observed. The two effects of the
speed and the magnitude of the water flow may compensate each other: going slower lead to add more
water for a given water flow. This question of RA moisture, which is very important when the RA
must be reused straight into a new warm or hot bituminous mixture, was however set aside in all
studied cases for this report. It seems that the water flow is mainly adjusted and optimized to prevent
cutting tools to wear and to save time, while trying to maintain a reasonable quality of RA. Neither
rules nor advises are applicable or applied at this time. This does not help to improve the quality of
RA.
Aggregate deterioration: from the 3 sites out of 4 that have been studied, grading has shown a trend
to be modified during the milling process. The aggregates reclaimed from milling seem to be finer that
the ones obtained by coring, with a few more fine particles in the milled products. It can be noticed
that some fine particles are eliminated by the sweeping and are not recovered. The sweeping was not a
subject of this study, although it would have been interesting to analyze it.
Once given this general result, no visible and recurrent effect (from one site to another) of the milling
parameters on the grading of the aggregates after extraction of bitumen has been observed. In any case
an “optimal” tuning of the machine could be determined to conserve the aggregate grading.
The conclusion is similar for the flakiness index evolution of aggregates after extraction of the
bitumen. Several sites showed a decrease of about 2-3 points of the index, one showed no evolution
during the milling. Such levels remain in the range of the repeatability of the test, according to the
standard EN 933-3. The trend is that milling seems to “round” some flat aggregates as an appropriate
crushing can do. However there is no evidence of an effect of the milling parameters on the flakiness
index. These results can not be generalised for other kind of materials, apparatus, or job sites.
Another key parameter could have been studied: the wear of cutting tools. Indeed, the hypothesis that
wear is negligible between two modalities is maybe to strong. It can also be thought that variations in
wear have a greater effect than hydraulic pressure or water flow. The quality of interfaces between
two layers to be milled seems also to be an important parameter, which would need to be studied.
Such study has maybe highlighted the difficulty to perform experimental research on a real job site:
owners must agree, shall let us operate while they are working, shall let us study their material and see
potential problem, shall let us talk about their know-how, and must allow some parameters to be
modified. It is also obvious that a job can not be done a second time. When something is wrong, it can
not be easily modified. That is why the number of results is less important than expected.
It is clear that the focus is presently set upon organisational questions (as discomfort to the user,
machine and cutting tools preservation, etc.) during milling and not on the aggregate preservation. The
changes led by the milling to the aggregates have not showed any sufficient magnitude to involve
changes in the way the milling works are performed currently (at least for the type of works that were
observed for this study). Indeed, other RA “parameters” are obviously more important when aiming at
having a RA that can be reused in a new bituminous mixture: quality and knowledge of what is
reclaimed, selective milling of each separate bituminous layers – especially with respect to materials
that are not bitumen-bound (shoulders, central reserves, hydraulically-bound subbase), and
homogeneity of the deconstructed pavement. The RA storage, handling and processing is also of
prime importance for the optimal reuse of such materials.
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