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Abstract
Asphalt compaction is one of the most important phases of road construction, being the decisive phase
when the structure of the asphalt pavement layer is formed. In spite of its importance, the knowledge
about this construction phase is still based on empirical and technological background and therefore
surprisingly limited. This lack of knowledge is also due to the fact that the existing laboratory scale
compaction devices for mix design are not fully capable of simulating the field compaction. The
simulation of asphalt compaction in the laboratory is normally focused on the vertical rearrangements
of asphalt particles whereas the flow behavior of these particles in other directions is mostly neglected.
However, existing literature suggests that the neglected flow is one of the most important factors for
the quality of the road construction, particularly in special cases such as asphalt joints. Therefore,
building up a better understanding of the flow behavior of asphalt mixtures subjected to compaction
loads is needed for improving the quality of the pavements.
In this study, a new test setup, the so called Compaction Flow Test (CFT), was developed to simulate
the flow behavior of asphalt mixtures at early stages of compaction. In the first step, feasibility tests
were performed, substituting asphalt mixtures by model materials with simple geometries and less
complex properties. X-ray Computed Tomography (CT) was utilized for capturing 2D radiography
images of the flow patterns in the model material during the test. Results of the CFT showed the
capability of the new test setup to clearly distinguish between model mixtures with different
characteristics. Hence, in the next step, the CFT was applied to real asphalt mixtures and the obtained
results were found to support the findings of the feasibility tests with the model materials.
The results from the feasibility tests encouraged examining the possible use of an ultrasonic sensor as
alternative to the complex and costly X-ray imaging for flow measurements during the CFT. Hence,
the CFT was used along with a distance measuring ultrasonic sensor for testing asphalt mixtures with
different characteristics. The test results confirmed that an ultrasonic sensor could be effective for
capturing the differences of the flow behavior of asphalt mixtures tested by the CFT.
In addition, a parametric study with the X-ray setup was carried out to examine the capability of the
CFT in reflecting the possible changes of the flow behavior in asphalt mixtures due to the change of
construction parameters such as lift thickness, bottom roughness and compaction modes. The results
obtained also confirmed the capability of the CFT in showing the possible differences in the flow
behavior of the mixtures under the chosen conditions.
The encouraging results suggested that the CFT may have potential to become a simple but effective
tool for assessing compactability of the mixtures on-site, right after production in an asphalt plant or
before placing the mixture on the road. Hence, discrete element method (DEM) was utilized to
understand both the influence of selected boundaries of the CFT and the effect of its design on the
results.
As one specific example of application, an investigation was carried out using the CFT to find the
most suitable tracking method for flow measurements in the field. Based on the literature review and
feasibility tests, a tracking method with the highest potential for conducting flow measurements during
field compaction was introduced. X-ray radiography confirmed the validity of the results obtained
with the suggested method.
The overall results obtained from this study suggest that the recommended CFT along with the
suggested field tracking method may be helpful in building up a comprehensive basis of knowledge on
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the flow and compaction behavior of asphalt mixtures thus helping to close the gap between the field
and laboratory.
Key words: Asphalt compaction, Asphalt joint, Laboratory production, Discrete Element Method
(DEM), X-ray radiography, Compaction Flow Test (CFT), Compactability
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Sammanfattning
Asfaltspackning är en av de viktigaste faserna inom vägbyggande och även den avgörande fasen då
asfaltbeläggningsskiktets struktur bildas. Trots detta är kunskapen om konstruktionsfasen fortfarande
baserad på empiriska och teknologiska fakta och relativt begränsad. Bristen på kunskap beror också på
att den befintliga packningsutrustningen för laborativa försök för blandningsdesign inte är fullt
kapabla att simulera verkligheten i fält. Simuleringen av asfaltpackning i laboratorier är vanligtvis
inriktad på vertikala omläggningar av asfaltpartiklar, medan flödesbeteendet hos dessa partiklar i andra
riktningar för det mesta försummas. Den befintliga litteraturen föreslår emellertid att det försummade
flödet är en av de viktigaste faktorerna för vägkonstruktionens kvalitet, särskilt i specialfall som
exempelvis asfaltfogar. Därför behövs en bättre förståelse för flödesbeteendet hos asfaltblandningar
som utsätts för kompakteringsbelastningar för att förbättra trottoarers kvalitet.
I den här studien utvecklades en ny testmetod, det så kallade kompakteringsflödetestet (CFT), för att
simulera flödesbeteendet hos asfaltblandningar i tidiga kompakteringssteg. I det första steget
genomfördes genomförbarhetsprov, som ersatte asfaltblandningar enligt modellmaterial med enkla
geometrier och mindre komplexa egenskaper. Röntgendatortomografi (CT) användes för att erhålla
2D-radiografibilder av flödesmönstren i modellmaterialet under testet. Resultaten av CFT visade att
den nya testmetoden möjliggjorde en tydligare urskiljning mellan modellblandningar av olika
egenskaper. I efterföljande steg applicerades CFT i reella asfaltblandningar och de erhållna resultaten
befanns stödja upptäckterna från genomförbarhetsprov med modellmaterialen.
Resultaten från genomförbarhetsproven uppmuntrade till möjligheter för undersökning av en
ultraljudssensor som alternativ till den komplexa och kostsamma röntgendatortomografin för
flödesmätningar under CFT. Därför användes CFT tillsammans med en avståndsmätande
ultraljudssensor för testning av asfaltblandningar med olika egenskaper. Testresultaten bekräftade att
en ultraljudssensor kunde vara effektiv för att upptäcka skillnaderna i flödesbeteende hos
asfaltblandningar som testades av CFT.
Dessutom utfördes en parametrisk studie med röntgenmetoden för att undersöka CFTs förmåga att
reflektera eventuella förändringar av flödesbeteende i asfaltblandningar till följd av förändringen av
konstruktionsparametrar såsom lyfttjocklek, bottenhårdhet och kompakteringslägen. De erhållna
resultaten bekräftade också CFTs förmåga att visa de möjliga skillnaderna i flödesbeteendet hos
blandningarna under de valda betingelserna.
Lovande resultat visade att CFT har potential att användas som ett simpelt men effektivt verktyg för
att bedöma kompaktbarheten av blandningarna på plats, direkt efter produktion i en asfaltanläggning
eller innan blandningen placeras på vägen. Därför användes enkla diskreta elementmodeller (DEM)
för att förstå både påverkan av utvalda gränser för CFT och effekten av dess design på resultaten.
Som ett specifikt tillämpningsexempel genomfördes en undersökning med användning av CFT för att
hitta den mest lämpliga spårningsmetoden för flödesmätningar i fält. Baserat på litteraturstudier och
genomförbarhetstest infördes en spårningsmetod med högsta potential för genomförande av
flödesmätningar under fältpackning. Röntgendatortomografi användes för att validera de erhållna
resultaten från den föreslagna metoden.
De övergripande resultaten som erhållits från denna studie tyder på att den rekommenderade CFT
tillsammans med den föreslagna fältspårningsmetoden kan vara till hjälp för att bygga upp en
omfattande kunskap om flödes- och kompakteringsbeteendet hos asfaltblandningar och därmed bidra
till att minska glappet mellan fält och laboratorium.
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Nyckelord: Asfaltpackning, asfaltförening, laboratorieproduktion, diskret elementmodellering (DEM),
röntgendatortomografi (CT), kompakteringsflödestest (CFT), kompaktbarhet
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1. Introduction
1.1. Motivation
Compaction is one of the most important phases in road construction. During this
phase, the layered structure of the asphalt pavement is formed. Therefore, applying a
compaction technique adapted to the asphalt mixture characteristics and functional
conditions is vital for guaranteeing the quality of the roads. The key for choosing a
proper compaction technique is knowledge about the behavior of the asphalt mixtures
under compacting loads.
The first contact between the fresh untouched asphalt layer and the roller compactor
has high impact on forming the structure of the roads. In this stage, the compaction
loads cause largest deformations on the newly laid asphalt. The field observations
demonstrate that such deformations are as a result of flow not only vertical but in other
directions as schematically shown in Figure 1. Knowing the impact of compacting
loads on the flow behavior of the mixtures would help to avoid over or insufficient
compaction of roads and therefore results in high quality roads.

Figure 1 Expected flow of asphalt mixture particles in front of a roller drum

Besides of the importance of the flow in front of the roller wheel, the flow of
asphalt mixtures at the edges of the roller drum has also been mentioned in the
literature (Kandhal and Mallick, 1997) as an important quality factor for especial
construction cases such as asphalt joints where a new layer is compacted next to an
existing one, Figure 2.

Figure 2 Expected impact of the compaction loading on the edge of a roller wheel
1

However, in spite of such importance, the knowledge about the flow behavior of
asphalt mixtures is very limited and is mostly neglected in the mix design compaction
simulators. This negligence seems to be one of the reasons behind the differences
between field and laboratory specimens in terms of aggregates orientations, air void
content and distributions, etc. as addressed in the literature, (Partl et al. 2007).
Therefore, for a better understanding of the flow in asphalt mixtures special
laboratory compaction simulators are needed. Such tools could also provide a basis for
conducting quality evaluation of the asphalt mixtures during the construction phase.

1.2. Objective
Based on the motivation mentioned above, the main objective of this research was
to develop a simple but effective test method for assessing compactability of the
commonly used wearing course asphalt mixtures in Sweden based on their flow
behavior when considering different asphalt pavement construction parameters.

1.3. Thesis outline
In order to attain the objectives of this research, an extensive study has been
conducted as outlined in the work flow diagram in Figure 3 and reported in this thesis
in the following order.
Chapter 1- The importance of studying the flow behavior of asphalt mixtures under
compaction as the trigger for this study is briefly presented. Besides, the objectives of
the research and the structure used for achieving them are stated.
Chapter 2- An overview of the existing knowledge about asphalt compaction including
the influential parameters on compactability of asphalt mixtures, different phases of
compaction as well as the quality evaluation methods used during this construction
phase are mentioned. In addition, the conventional laboratory scale compaction
simulators and their shortcomings in representing the flow behavior of asphalt
mixtures in the field are described. Besides, the importance of enhancing knowledge
about the flow phenomena as one of the most influential but mostly ignored
parameters on the quality of asphalt compaction is presented. In addition, the
construction parameters with the possible impacts on the flow behavior of asphalt
mixtures are also presented.
Chapter 3- The methods (consisting of experimental and modelling parts) for
achieving the objectives of this research are presented. In addition, the materials used
in the experimental part are also described.
2

Chapter 4- First, trial tests carried out for designing the compaction flow test (CFT)
are described. Then, the results obtained from the CFT using idealized model materials
to asphalt mixtures with simpler geometry and properties than the asphalt mixtures are
presented. Next, the trial flow tests using asphalt mixture specimens with simplified as
well as standard gradations for confirming the obtained results from testing the model
materials are shown (paper I).
Chapter 5- The results of examining the possibility of using an ultrasonic sensor
system for measuring the flow during the CFT are presented. (paper II).
Chapter 6- Procedures and results of a parametric study carried out with CFT along
with the X-ray setup for investigating the possible impacts of construction parameters
such as lift thickness (paper V), bottom roughness (paper VI) and compaction mode
(paper VII) on the flow behavior of asphalt mixtures are presented.
Chapter 7- Assumptions and results of a discrete element investigation on the possible
sensitivity of CFT results to its design and boundaries, i.e. mold size, loading strip
geometry as well as the change of the test loading rate are presented (paper III).
Chapter 8- Results of investigation carried out with CFT for finding a tracking method
with the highest potential for measuring the flow during the field compaction are
presented (paper IV).
Chapter 9- The main conclusions as well as the ones obtained from each part of this
research are stated.
Chapter 10- The recommendations regarding the further use of the CFT and also its
potentials for further investigation on the flow behavior of asphalt mixtures are
presented.

3

Figure 3 The work flow of this research
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2. Background
Asphalt compaction is one of the most complex phases of road construction as the
choice of compaction methods is very much dependent on asphalt mixtures
characteristics. The suitability of the chosen compaction method is mostly assessed by
means of the achieved density which is regarded as one of the most important factors
that can reflect the strength and resistance of the compacted asphalt layer against the
traffic and environmental loads. The term “compactability” has also been used to
reflect the required effort for compacting an asphalt mixture until it reaches its
expected density. Having a sufficient understanding of the parameters with impacts on
the compactability of an asphalt mixture is a prerequisite of choosing effective
compaction techniques. Some of these influential parameters are briefly presented as
follows.

2.1. Influential parameters on compactability of asphalt mixtures
2.1.1. Gradation, size, quality and shape of aggregates
It takes much higher compaction effort and energy for achieving the same air void
content for gap-graded mixtures than for fine-graded ones (Leiva and West, 2008). In
addition, increasing the nominal maximum aggregate size (NMAS) in a mixture makes
it harder for achieving an acceptable level of compaction. Furthermore, bad quality
and shape of aggregates will lead to early intrinsic damage in the mixture and
influence their compactability.

2.1.2. Binder viscosity
Mixtures containing highly viscous or polymer modified binders are considered less
compactable than those with softer and unmodified binders in hot mixed asphalt
(HMA) at the same mixing or compacting temperatures (Partl et al., 2004).

2.1.3. Binder content
An increase in the binder content by about 0.5–1 % of binder mass in the mixture is
claimed to significantly increase the compactability and decrease the possibility of
oxidation within the asphalt layer (Austroads Pavement Research Group, 1997).
However, too much binder in the pavement will increase the possibility of defects,
such as bleeding.

5

2.1.4. Temperature
Mixtures at high temperatures are expected to show high compactability. However,
especially when the weather is cold, the mixture cools down fast which makes it
difficult for a sufficient compaction.
In the following, a general overview of the existing knowledge about the asphalt
compaction as well as the existing methods for evaluating quality with laboratory scale
simulators are briefly presented.

2.2. General behavior of asphalt mixtures under compaction
In the compaction phase, the newly laid asphalt layer is densified by means of
compactors to form the stone skeleton of an asphalt pavement layer for resisting traffic
loads as well as environmental impacts. Obviously, asphalt mixtures with different
characteristics and placed under different field conditions show different behavior
under the compacting loads. However, based on the literature (Deen, 1961and Chang
et al., 2014), the compaction phase is generally divided into three main stages of
densification, i.e. breakdown, intermediate and finishing, as shown in Figure 4.
– The breakdown phase takes place when the roller compactor drum makes initial

contact with the newly placed asphalt layer. Hence, large deformations as a result of
vertical rearrangements and flow of asphalt mixture particles occur during this stage
when comparing with the other two phases. Normally, this phase is completed after
the first two passes made by the roller compactor. Majority of the asphalt pavement
structure is formed during this stage of compaction.
– The intermediate phase comes right after the breakdown phase. During this phase

the densification of the layer under compaction still continues until the desired density
is obtained. Clearly, deformations in the intermediate phase are comparatively small.
– The finishing phase is mostly for making the surface of the asphalt layer smoother
and does not seem to have major structural and deformation impacts.

6

Figure 4 Schema of the different phases of asphalt compaction

2.3. On-site quality evaluating devices before field compaction
Obviously, most of the quality evaluation tests are carried out after the construction
by taking cores or using non-destructive density measuring devices such as nonnuclear density gauges (Allen et al., 2003; Henault, 2001). Despite of the usefulness of
the information obtained from such measurement methods, they are weak in the sense
that they are all retrospective which, in case of low quality construction, means very
costly removal and replacement of the poorly constructed roads. This highlights the
importance of quality evaluation of the asphalt mixtures as early as possible during the
road construction process. Therefore, attaining knowledge about the compaction phase
seems to be vital for finding ways to increase the quality of the roads and avoid
premature asphalt pavement failures.
Nonetheless, field assessments of compaction are mostly based on visual
inspections during the compaction phase. Although a satellite based quality control
system, i.e. Intelligent Compaction (IC) (Anderegg and Kaufmann, 2004; Briaud and
Seo, 2003) is used as a standard method for monitoring the densifications of asphalt
layer during the compaction, it is more suitable for thick layers, e.g. subgrade, since
the depth of measurements is approximately 1m (Chang et al., 2014) and may provide
erroneous results when measuring the evolution of thin wearing course densifications.
Besides, this method does not provide any information on the flow and only provides
overall property of the compacted layers. Hence, an evaluating device for obtaining a
rough estimation about the compactability and flow behavior of the mixtures right
before the compaction seems useful for conducting a more effective compaction
accordingly.
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2.4. Laboratory scale compaction simulators and their shortcomings
Nowadays, numerous laboratory scale compaction simulators are in use, such as
Marshall hammer and gyratory for producing cylindrical specimens, or other ones,
such as French or German (Partl et al., 2012) simulators for producing slabs. Among
these simulators gyratory compaction is frequently used for evaluating the
compactability of asphalt mixtures, Bahia et al., 1998; Bennert et al., 2010; Leiva &
West, 2008; Sanchez-Alonso et al., 2011. In this method, the number of gyrations
required for an asphalt mixture to go from 92% to 96% of its maximum specific
gravity (Gmm) is considered as an indicator for evaluating the compactability of that
mixture. Despite of obtaining beneficial information from this type of compaction, it
has some weaknesses when compared with real field compaction. One of the problems
with the gyratory compaction and similar methods is that the current compaction
setups are not capable of compacting asphalt mixture specimens uniformly (Tashman
et al., 2002; Partl et al., 2003). In addition, the literature (Peterson et al., 2004; Airey
and Collop, 2016 and Bahia and Paye, 2001) suggests that the standard laboratory
compaction simulators used for the mix design are not fully capable of representing
the field compaction in terms of air void content and distribution as well as aggregate
orientations and compaction efforts.

2.5. Impact of flow on compaction of asphalt mixtures
2.5.1. Flow in front of the roller compactor drum
One of the addressed problems with the existing compaction simulators in the
laboratory is that they are mostly designed for providing vertical movements, Figure 5,
and the impact of flow of aggregates in other directions (Figures 1) has been
neglected. According to the literature, (Mollenhauer and Wistuba, 2016) neglecting the
flow phenomena in the compaction simulators in the laboratory is one of the reasons
for the structural differences between the laboratory and field compacted specimens.
This indicates the high importance of the flow on the formation of an asphalt layer
under the roller compactor drum.
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Figure 5 Schema of the expected movements within a gyratory compactor specimen under the
vertical compacting load

2.5.2. Flow on the edges of the roller drum
The movements of the asphalt mixtures on the edges of the roller drum have an
impact on the quality of the asphalt joints (Kandhal and Mallick, 1997). This impact is
divided into two phases of the construction; compacting the first lane and compacting
the second lane next to the first one.
Fleckenstein et al. (2002) recommended to attach a restraining wheel to the paver
(Figure 6a) or roller compactor (Figure 6b) when compacting the first lane. In this
way, the lateral flow of the new hot asphalt mixture towards the unconfined edge of
the first lane is limited which avoids very low density in that region when placing the
second lane.

Figure 6 Attachments for (a) paver and (b) roller compactor for improving the confinement of
the edge of the first lane for a better quality of the joints

Besides, the placement of the second lane is as important as the first one. Hence, a
lot of recommendations were proposed regarding how to construct and prepare the
interface of an asphalt joint in a proper way. Changing the compaction pattern has
been claimed in the literature, e.g. Kandhal and Mallick, 1997, to have an impact on
the quality of the joints. It is recommended that instead of conducting the conventional
compaction method, i.e. starting compaction from the joint towards the newly laid
layer (Figure 7a), it might be better to start from the newly laid layer (hot side), at least
15cm away from the joint, towards the existing layer (cold side), Figure 7b. By such a
compaction pattern change, it is expected that the lateral flow on the edge of the roller
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wheel would push more material towards the joint resulting in increasing the density
near the joint location. Although, these recommendations sounded logical, no
scientific evidence was available for justifications.

Figure 7 (a) common and (b) recommended techniques for compacting asphalt joints (arrow
shows the expected flow towards the joint as a result of the first pass on the hot side)

Normalized Induced
stress at joint interface

Therefore, in a separate study, Ghafoori Roozbahany et al. (2013) carried out an
extensive laboratory study using different construction techniques for producing slabs
with asphalt joints with stone mastic asphalt SMA 16, i.e. with the a nominal
maximum aggregate size of 16mm. Then, the quality of the produced joints were
evaluated using three different performance based tests, i.e. indirect tensile (IDT),
Direct tension (DTT) and 4 point bending (4PB). The results of the study revealed that
the recommended compaction method from the hot towards the cold side of the joint
appeared to have high impact on enhancing the quality of the joints (Figure 8).
1.00
0.80
0.60

Cold_to_hot

0.40

Hot_to_cold

0.20
0.00
IDT

DTT

4PB

Figure 8 The normalized results of the evaluating test for the joints prepared with different
compaction techniques.

All aspects mentioned above, indicate the importance of the flow during
compaction even on the edges of the roller wheels. However, similar to the flow of
asphalt mixtures in front of the roller compactor no detailed knowledge exists, calling
for more elaborated studies on asphalt mixtures with different structures and
characteristics.
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2.6. Construction parameters with impact on flow of asphalt mixtures
2.6.1. Lift thickness
One of the parameters expected to have great influence on the flow behavior of
asphalt mixtures is the lift thickness. Constructing a strong asphalt pavement layer
with acceptable density requires an appropriate lift thickness for avoiding premature
failure from traffic loads or environmental impacts. Studies regarding the best lift
thickness for flexible pavements are plenty. In some studies, e.g. Brown et al., 2005, a
lift thickness between 3 to 5 times the NMAS has been recommended for achieving
proper compactability. However, in practice, some standards and instructions, e.g.
AMA10, 2011, a minimum lift thickness of a wearing course between 2 to 2.5 times
the NMAS is recommended.

2.6.2. Bottom roughness
Surface geometry of the roads before placing a wearing course may have an impact
on the flow behavior of asphalt mixtures during the compaction phase. Different
surface roughness may exist when placing an overlay on a deteriorated road surface.
Besides, during the maintenance phase, milling part of the road with different cutting
teeth sizes may produce different bottom roughness before placing a new layer.
Although this roughness is believed to promote bonding between the layers, special
attention is yet to be paid to its possible impact on the behavior of asphalt mixtures
during the compaction phase.

2.6.3. Compaction mode
The compaction mode may also have great influence on the rearrangement of
particles in the asphalt mixtures. Combinations of the static and vibratory compaction
modes have been used for a long time for achieving desirable densities when
compacting the newly laid asphalt mixtures on the roads. However, in order to achieve
effective compaction, it is important to understand the impact of each mode on the
flow behavior of the mixtures.
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3. Methods, materials and modeling
In order to achieve the objective of this research, both experimental and modelling
approaches were carried out as are described below.

3.1. Experimental methods
3.1.1. A simple test method for simulating flow under compaction
Since the initial contact between the roller compactor and the asphalt mixture
mainly causes large vertical and horizontal deformations during the field compaction,
the idea was to simulate the breakdown phase on a smaller scale in the laboratory.
Therefore, unlike the existing mix design compaction simulators, it was decided to use
small compacting strips to only cover part of the specimen surface. In this type of test
setup, it was expected to simulate both rearrangements of particles under the loading
strip and flow towards the load free surface of the specimen similar to field conditions
(Figure 9).

Figure 9 (a) directions of the material flow during field compaction; (b) side view of the
schema of the flow test configuration

3.1.2. A laboratory setup for observing the flow during the test
In order to closely follow and understand rearrangements and flow within asphalt
mixtures during compaction simulation in the laboratory, it was decided to use X-ray
computed tomography (CT) for 3D imaging analysis. However, the time consuming
process of acquiring a full 3D X-ray CT scan did not allow tracking the particle
movements during the flow simulation resulting in the following limitations:
1. The number of scans would be limited.
2. In the case of hot mixed asphalt specimens, cyclic cooling and heating
processes are needed for each scan that can cause unfavorable disturbances to
the specimen during the test.
12

3. The image analysis would cause a lot of time as comparing the scans with each
other can take a considerable amount of time.
All above mentioned limitations with the X-ray 3D scanning encouraged using 2D
radiography instead. Hence, in order to have a closer look at the flow during the test, a
load frame with a servo-hydraulic piston capacity of 100kN was placed inside of the
X-ray machine between the X-ray source and the detector (Figure 10a, b) enabling to
acquire 2D radiography throughout the test.

Figure 10 (a) The setup for acquiring 2D X-ray images during the flow test; (b) schema of the
XY plane view of the CFT specimen inside the X-ray machine (dotted line shows the center
of the XY plane)

The challenge with 2D imaging was that it was difficult to distinguish mixture
particles with more or less similar densities from each other. Hence, for an effective
flow investigation, it was required to embed some flow pointers with higher densities
than the mixtures but small enough to avoid flow disturbances inside each specimen.
In this study, either steel pins glued inside of rounded hollow rounded glass beads
(Figure 11a) or steel screws (Figure 11b) were used. In order to detect flow at different
locations of the specimen, the steel pins/screws were placed at different heights of the
specimen in the XZ plane (Figure 11) and the center of the XY plane of the mold (the
dotted line in Figure 10b) to represent the movements of their surroundings.
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Figure 11 (a) black lines show the steel pins embedded in XZ plane; (b) embedded screws in
the X-ray image

In order to determine the XZ movements of the screws from the acquired images,
the first and last images obtained before and after imposing the compacting load were
used for the image analysis. A rough estimation of the movements at different
locations of the specimens was obtained by comparing the center coordinates of each
screw before and after the test in the XZ plane. The rotations of the screws were
disregarded since the results of the trial tests suggested that they were small and
negligible. Figure 12 shows the method used for obtaining the maximum XZ plane
movements of the embedded pins and screws.

Figure 12 Schema of the method used for obtaining the movement of each pin and screw

3.2. Materials used for flow investigation
3.2.1. Model materials
In order to build up a better understanding of the flow in the new compaction flow
test setup and for avoiding a long process of specimen preparations as well as lowering
the complexity of the test in the first step, instead of aggregates, rounded glass beads
with similar density to the asphalt mixture aggregates (≈2500kg/m3) were used.
Mixtures were produced with glass spheres of different diameters 12, 8, 4 and 2mm
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(Figure 13). In addition, bitumen was also replaced by very thick motor oil (15w-50)
of similar viscosity at 20°C to bitumen 70/100pen at 140°C.

Figure 13 Glass bead sizes used in this study

3.2.2. Asphalt mixtures
After conducting the flow test with the model materials, they were replaced by real
asphalt mixtures with simplified and real gradations as described below. More detailed
information about the other characteristics of each mixture used in this study is
presented in the later chapters.
3.2.2.1. Simplified asphalt mixture
The Simplified asphalt mixture was composed of 8, 4 and 2mm size aggregates with
similar portions as used for glass bead combinations for comparison purposes.
3.2.2.2. Stone mastic asphalt
Stone mastic asphalt (SMA) is a coarse structured asphalt mixture mainly used as
wearing course on roads with high traffic loading. In this study, SMA with the NMAS
of 8mm and 11mm were used following the boundaries of the Swedish standard
(TRVKB 10, 2011) shown in Table 1.
Table 1 Boundaries of the Swedish standard for SMA gradations followed in this study

Sieve size
(mm)

Portion of passing in weight
percent (min-max)
SMA8

SMA11

SMA16

22.4

-

-

100

16

-

100

90-100

100

90-100

-

8

90-100

35-60

27-50

4

28-49

24-35

20-32

2

20-30

19-30

16-29

0.5

12-22

12-24

12-24

0.063

9-13

9-13

9-12

11.2
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3.2.2.3. Asphalt concrete
Asphalt concrete (AC) is a fine structured asphalt mixture also used as a wearing
course. This type of mixture may have rather lower bearing capacity than the SMA
mixtures; hence, it is mostly used for local roads exposed to low traffic loads. In this
study, the ACs with NMAS of 8mm, 11mm and 16mm were used according to the
boundaries of the Swedish standard (TRVKB 10, 2011) shown in Table 2.
Table 2 Boundaries of the Swedish standard for AC gradations followed in this study

Sieve size
(mm)

Portion of passing in weight
percent (min-max)
AC8

AC11

AC16

22.4

-

-

100

16

-

100

90-100

100

90-100

71-88

8

90-100

70-88

57-73

4

60-78

48-66

-

2

41-60

33-52

26-47

0.5

18-34

16-31

13-30

0.063

6-10

6-9

6-9

11.2

3.2.2.4. Cold mixed asphalt

In this study, two fine and one coarse graded cold mixture available in the market
were used for feasibility tests of finding a method for field flow measurements. The
range of the particles sizes of the coarse graded mixture was between 0-16mm and the
fine graded ones were 0-4mm and 0-5mm.

3.3. Discrete element modeling
Discrete element method (DEM) was used in this study as it has been used in
different studies, e.g. Abbas et al, 2005; Adhikari and You, 2010; Chen et al., 2011,
for representing the behavior of asphalt mixtures. Likewise, in this study, a
commercially available DEM, called particle flow code (PFC) version 4®, was used
for simulating the flow behavior of asphalt mixtures. This method follows Newton’s
law of motion which provides the relation between the movements of the generated
particles and the forces that cause those movements. The interaction between the
generated particles can be defined by different contact models. However, in this study,
only the linear and Burger’s contact models were used for simulations, since these two
16

have been proven effective for qualitatively demonstrating the behavior of asphalt
mixtures. These two contact models are briefly presented below.

3.3.1. Linear contact model
The linear contact model considers linear interaction and friction among the
particles. In this contact model the interaction between two contacting particles at their
contact is ruled by their normal (kn) and shear (ks) stiffness properties acting in series
with each other (Figure 14). The normal secant stiffness and shear tangent stiffness at
the contact of two particles are computed using equations 1 and 2. The slipping
behavior is defined by the friction coefficient (μ) at every contact point.

Figure 14 Schema of the linear contact model in (a) normal and (b) shear directions

Kn = (knA · knB) / (knA + knB)

(1)

Ks = (ksA · ksB) / (ksA + ksB)

(2)

As recommended in the literature, e.g. Liu et al., 2009, the input values for the
particle properties were calculated according to equations 3 and 4.
kn = 2·E·L

(3)

ks = 2·G·L

(4)

Where “E” and “G” are the Young’s and Shear moduli of the aggregate, and “L” is the
summation of the radii of the contacting particles. Granite properties as one of the
widely used aggregate types in Sweden were taken for the calculations. The impact of
angularity of real aggregates was taken into account using high friction coefficients as
described in detail in the appendix (paper III).

3.3.2. Burger’s contact model
The Burger’s model has been frequently used in the literature, e.g. Cai, 2013;
Collop et al., 2004, for representing the viscoelastic behavior of asphalt mixtures.
Likewise, in this study the micro scale behavior of the mastics among the generated
particles was taken into account using the Burger’s model as shown in Figure 15. The
viscoelastic input values were taken from the macro scale experimental data for
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asphalt mastics with the NMAS of 2.36mm at 150°C by Chen et al. (2011) as shown in
Table 3. The macro scale parameters were converted to the micro scale model inputs
through equations 5 to 8 as suggested in the literature (Liu et al., 2009).

Figure 15 Burger’s model; a) macro scale behavior within mastics; b) micro scale behavior of
two contacting particles
Table 3 Macro scale Burger’s model parameters for mastic at 150°C (Chen et al., 2011)
η1 (MPa.s)
652.714

E1 (MPa)
15.996

Kmn = E1·L
𝜂mn = 𝜂1·L
Kkn = E2·L
𝜂kn = 𝜂2·L

,
,
,
,

E2 (MPa)
10.891

Kms = E1·L/(1+υt)
𝜂ms = 𝜂1·L/(1+υt)
Kks = E2·L/(1+υt)
𝜂ks = 𝜂2·L/(1+υt)

η2 (MPa.s)
1.898

(5)
(6)
(7)
(8)

The variables with the first index “m” are the Maxwell and those with the first index
“k” are Kelvin elements. The second index shows the direction, i.e. “n” normal and “s”
shear. “L” is the sum of the radii of two contacting particles, and “υt” is the Poisson’s
ratio of the mastics. ”fs” is the friction coefficient presented in the model. All details
about input values are described in the appendix of paper III.
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4. Developing the new compaction flow test (CFT)
4.1. Trial tests for finding the best possible design
As mentioned in the background chapter, most common cylindrical compaction
simulators do not allow any major particle flow. Hence, it was decided to change the
loading area in a way that half of the specimen surface is loaded (Figure 16).
Moreover, X-ray computed tomography (CT) was utilized to obtain 3D images of
the internal changes of the specimen due to the compacting load before and after the
test.
An AC mixture with the NMAS of 16mm was prepared and used for filling a
Marshall mold. Inside the mixture near the center line of the specimen, a rounded glass
bead was placed, since such an embedded particle with a simple geometry could be
easily detected with the 3D CT scan (Figure 16).
After preparing the specimen at 160°C, it was allowed to cool down to ambient
temperature before being removed from the mold and placed inside the CT machine
for conducting the first scanning.
Next, the specimen was placed back into the mold and heated up to 140°C, then
mounted under the piston and vertically loaded with a loading rate of 60mm/min until
reaching a displacement of 20mm. After that, the specimen was again let down to
ambient temperature and removed from the mold for another 3D CT scan.
Comparing the acquired X-ray CT images before and after the test enlightened the
following points.
 The load free surface did not seem to be large enough for allowing the flow of
the mixture particles.
 Because of the loose assembly of particles the cyclic cooling, removing from
mold, scanning and then heating seemed to disturb the materials especially
during the first and partly during the second scan.
 Because of the geometry of the mold as well as the loading strip, the flow near
the walls of the mold were towards the center of the specimen causing
additional disturbances to the lateral flow towards the load free side of the
mold.
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Figure 16 The flow test configuration; numbers (4 mm and 1.2 mm) show the distances of the
spherical glass bead before and after the loading from the center line of the specimen.

Based on the outcomes of this trial test, it was concluded that the conventional
cylindrical specimen was not suitable for the simulating the flow. Therefore, it was
decided to use a rectangular mold. In addition, a loading strip was chosen only
covering about one third of the specimen surface to leave more space for the material
to flow more freely towards the load free side of the mold.

4.2. Applying the flow test to model materials
4.2.1. Specimen preparation and test procedure
The highest proportions for preparing specimens with the densest loose assemblies
of glass beads in binary combinations of 12&2mm and 8&2mm as well as a ternary
combination of 8&4&2mm were found from the literature (Dodds, 1980; McGeary,
1961; Yang, 2003; Liu and Ha, 2002 and Jeschar et al., 1975). Table 4 shows the
required volumetric portion of each size for the chosen combinations.
Table 4 Volumetric portions for the binary and ternary sphere size combinations used in this
study
Combination.
Bead diameter:
Chosen portion:

Binary
Ternary
8mm 2mm 12mm 2mm 8mm 4mm 2mm
72% 28% 75%
25% 33.3% 33.3% 33.3%

All three combinations of the glass beads were tested in a rectangular mold of
130x80x100mm3 made of hard plastic. Tests were performed first, in dry and then in
“wet” condition after being mixed with the viscous motor oil. Because very small
particle sizes as for the real asphalt mixtures were missing, combinations did not
required more oil than 2% to 3% of the total mixture weight for a proper lubrication.
The steel pins of 10mm were glued inside of the spherical glass beads with the same
diameter and used as flow pointers as described in section 3.2.1. The pins were placed
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at the center of the XY plane and at different heights of the XZ plane (Figure 11a)
during specimen preparation. Loading was performed at a rate of 15mm/min and each
specimen was loaded as much as 20mm of vertical displacement.

4.2.2. Results and findings
From each test, the load versus displacement curve and the maximum movement of
each embedded pin in the XZ plane were obtained.
The loads versus displacement curves, shown in Figure 17, indicated that the
ternary dry combination required higher forces than the binary ones. However, when
comparing the results of the lubricated combinations, the 12&2mm version required
the highest loads throughout the tests when compared with the other two
combinations. The reason was that this version had the least total glass bead surface
area among the three combinations which resulted in excessive drainage of the oil
from this combination as compared to the other two.
As expected, the overall required forces in the dry condition were higher than the
lubricated one, especially in case of the 8&2mm and 8&4&2mm combinations. This
showed that the consumed energy for imposing the same displacement was higher for
stiffer specimens as also expected for real asphalt mixtures with high and low binder
contents.

Figure 17 Mean values of the load vs. displacement results obtained from the chosen
combinations in both dry and lubricated conditions

The overall movements of the internal pins for each combination showed that the
depth of influence was higher for the lubricated combination whereas the influence
was shallow but slightly stronger towards the load free surface in case of the dry
specimens (Figure 18). This demonstrates the impact of the lubrication on enlarging
the shear zones when compared with the dry condition. Such a difference became quite
clear, when only comparing the results of the vertical surface movements of the same
specimen under dry and lubricated condition. In particular, the result suggested that
the uplift measurements at the free surface may be an indicator for distinguishing the
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mixtures with different characteristics. Simple descriptive models generated with 2D
discrete element software (particle flow code, PFC2D) qualitatively confirmed the
obtained experimental results (see also appendix, Paper I).

Figure 18 Mean values of the movements of the pins in the XZ plane inside of each
combination in dry (black arrows) and lubricated (red arrows) conditions (results are in
millimeter.)

4.3. Applying the flow test to asphalt mixtures
In order to use asphalt mixtures at high temperatures, an aluminum mold with the
volume of 150x100x100mm3 and wall thickness of 3mm was produced. The contact
area of the loading strip was 50x100mm2.
First, the capability of the test on reference asphalt mixtures with extreme
characteristics was examined.

4.3.1. Asphalt mixture with simplified gradation
4.3.1.1. Test procedure
Three reference mixtures with crushed aggregates of 8, 4 and 2 mm were prepared
with similar portions to the ternary glass beads combination. For comparison purposes,
one of the prepared gradations was tested without any bitumen, whereas the other two
mixtures were produced with 70/100pen bitumen as much as 3% and 6% of their total
weights. The mixtures were produced at 160°C and placed in the oven for 1.5 hours at
140°C for obtaining a uniformly distributed temperature throughout the specimen
before conducting the flow test. For acquiring 2D radiography images with high
contrasts during the test, 9 steel screws with 8mm length were used (Figure 19).
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Figure 19 Locations of the screws before and after the flow test (8&4&2 real aggregates with
3% binder content)

4.3.1.2. Results and Findings
The load versus displacement results in Figure 20a show that the specimens with
lesser or no bitumen content required more compacting effort than the one with higher
bitumen content. This was also similar to the dry and lubricated model materials. It is
worth mentioning that because of the lacking fine aggregate fraction, the mixture with
6% bitumen content was subjected to a considerable drainage. Therefore, its load
results were close to the one with the 3% bitumen content.
Due to the absence of bitumen in the dry specimen, sudden movements on screw 2
were observed during the test. However, the overall results still indicated that the
specimens without or with only little bitumen produced higher uplifts (Figure 20b).
This was similar to the results of the glass bead specimens with and without lubricant.
High interaction among the real aggregates with irregular shapes and rough surfaces
has caused higher flow under the compacting loads in greater depth than with the glass
beads specimens. Such a difference can also be justified from the large difference
between the loads versus displacement results.
When comparing the mixtures with 3% and 6% bitumen contents, the overall
movements under the loading appeared more vertical in case of 6% bitumen content,
suggesting better vertical rearrangements than for 3% bitumen content. In the middle
and at the right end of the mold, the movements of the screws in the specimen with 3%
bitumen content were more oriented towards the surface whereas they were more
horizontal for the one with 6% bitumen. As shown in Figure 20b and similar to the
observed results from testing the model materials, the uplifts results seemed to be a
good indicator for differentiating the tested mixtures from each other.

23

Figure 20 Flow test results for 8&4&2 aggregates; (a) load vs. displacement results; (b) XZ
movements of the embedded screws in the specimens

4.3.2. Asphalt mixtures with standard gradations
4.3.2.1. Test procedure
Because of the promising results obtained from the reference asphalt mixtures, two
“real” SMA mixtures with NMAS of 11mm and bitumen contents of 4% and 6% of
their total mixture weights were tested. The entire test procedure was the same as for
the reference asphalt mixture.
4.3.2.2. Results and Findings
As presented in Figure 21 and similar to the previous results, the mixture with lower
bitumen content required higher compacting effort and, consequently, demonstrated
larger flow.
High flow in the specimens with low bitumen content seems to be due to thin film
thickness around the aggregates of the asphalt mixture which makes rearrangement of
aggregates more difficult than for the mixtures with high bitumen content.
The uplift of the mixture with the lower bitumen content of 4% was also higher than
the one with 6% bitumen content. This was also similar to the results obtained from
testing the glass beads and simplified asphalt mixtures. Hence, it could be concluded
that coupling the compaction effort and the uplift measurements in the flow test seems
to be a reasonable way for distinguishing the real mixtures from each other.
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Figure 21 Flow test results for SMA mixtures; (a) load vs. displacement results; (b) XZ
movements of the embedded screws in the specimens (all displacements are in mm)

In spite of the limited number of tests conducted with the suggested flow simulating
test, the test setup appeared to be capable of reflecting the impact of different
characteristics on the flow behavior of the mixtures, hereafter, the test was called
compaction flow test (CFT).
Although using the X-ray imaging proved to be a very effective way of
understanding the behavior of asphalt mixtures under compaction, it is very expensive
and requires precise image processing. Hence, a simpler but still effective method for
flow measurements on a routine base was needed. In the following chapter, further
development of the flow test in that respect and results obtained with different asphalt
mixtures are discussed.
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5. Evaluating an ultrasonic sensor system for the CFT
5.1. Test configuration
As suggested in the previous sections, coupling the results of the load versus
displacement with the vertical uplift on the load free side of the CFT mold can help
distinguishing the mixtures from each other.
In order to measure the uplift during the flow test in a more practical way than with
X-ray imaging, a distance measuring ultrasonic sensor was used (Figure 22). The
ultrasonic sensor measures the uplifts on the load free surface of the CFT specimen at
every second of the test in terms of voltage which can be easily converted to
millimeters, thus allowing studying the relation between the characteristics of asphalt
mixtures and their flow behavior in the CFT with a comparatively simple tool.

Figure 22 The Compaction Flow Test (CFT) setup

5.2. Mixture characteristics
In order to investigate the significance of different asphalt mixture characteristics on
the CFT results, the following variations were chosen and used for mixture production.

5.2.1. Gradation
Two structurally different gradations, i.e. asphalt concrete AC and stone mastic
asphalt SMA both with the NMAS of 8mm were prepared. The gradations were
prepared according to the Swedish standard as shown in Tables 1 and 2. The NMAS of
8mm was chosen accounting of the dimension of the mold (height 100 mm) to avoid
major disturbance of the flow from its walls.

5.2.2. Bitumen type
Two different bitumen types with the penetration grades of 70/100pen and
160/220pen were used. The 70/100pen is normally used for roads exposed to
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significant temperature changes and long winter times and the 160/220pen bitumen is
mostly used under special cold climate conditions.

5.2.3. Bitumen content
Three bitumen contents were used for preparing the mixtures. Because AC
generally contains more portions of the fine aggregate size fraction, the AC mixtures
were prepared with bitumen contents of 6.4%, 5.8% and 4% by total weight of
mixture; whereas the SMA mixtures were prepared with only 5.8% and 4% bitumen
contents.

5.2.4. Test temperature
All mixtures were produced according to the Swedish standard (TRVKB 10, 2011)
at mixing temperatures within the range of 155°C-160°C. In order to investigate the
role of temperature difference on the behavior of mixtures at early stages of
compaction two testing temperatures 160°C and 120°C were used for conditioning the
specimens before testing.
Three replicates were prepared for each mixture variation. The summary of all
mixtures produced for the CFT is shown in Table 5.
Table 5 Mixture variations and their abbreviations used in this study
Mixture type
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
SMA
SMA
SMA
SMA
SMA
SMA
SMA

Temp.(°C)
160
160
160
160
160
160
120
120
120
120
160
160
160
160
120
120
120

Binder type (pen)
70-100
70-100
70-100
160-220
160-220
160-220
70-100
70-100
70-100
160-220
70-100
70-100
160-220
160-220
70-100
160-220
160-220
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Bitumen content (%)
6.4
5.8
4
6.4
5.8
4
6.4
5.8
4
5.8
5.8
4
5.8
4
4
5.8
4

Abbreviations
T-H-7-6.4
T-H-7-5.8
T-H-7-4
T-H-16-6.4
T-H-16-5.8
T-H-16-4
T-W-7-6.4
T-W-7-5.8
T-W-7-4
T-W-16-5.8
S-H-7-5.8
S-H-7-4
S-H-16-5.8
S-H-16-4
S-W-7-4
S-W-16-5.8
S-W-16-4

5.3. Results and findings
Examples of the CFT results are shown in Figure 23. For the comparison purposes,
only the maximum values of compaction force and uplift obtained from each test were
taken.

Figure 23 Examples of the raw results obtained from two AC and SMA specimens; a)
required compaction loads; b) uplift measurements

The mean values of the results of the CFT are shown in Figure 24 and 25. Coupling
the results of the uplifts and compaction forces indicated that the gradation was the
most influential parameter on the flow behavior of asphalt mixtures as it required the
highest compaction forces while showing high uplifts.

Figure 24 Mean values of compaction forces for each mixture type and their standard
deviations obtained from 3 tests
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Besides of the gradation, the bitumen content seemed to have most impact on the
flow behavior of the mixtures during the CFT. The mixtures with lower bitumen
contents required higher compacting forces and showed higher uplifts. This was also
similar to the results of the previously described X-ray measurements when mixtures
with 6% and 4% bitumen contents were compared.
However, changing the bitumen type did not show a clear and decisive impact on
the CFT results. In fact, at high temperatures where the viscosity of the bitumen is
very low no significant differences on the flow behavior of asphalt mixtures prepared
with 70/100pen and 160/220pen bitumen types could be observed.
Although the required compacting forces for the SMA mixtures tested at 120°C
were higher than at 160°C, this temperature difference only had minor impact on the
uplift results. This suggests that the temperature of 120°C was still high enough to
allow rearrangement of the aggregates and large deformations in the zone under the
compacting load at early stages of compaction.

Figure 25 Mean values of measured uplift at 40mm compaction displacement for each
mixture type and their standard deviations obtained from 3 tests

In addition, simple explanatory discrete element models were also generated with
the PFC software for qualitatively demonstrating the impact of the gradation, as the
most influential parameter, on the flow of particles under the compacting loads (see
appendix paper II).
From the results of this section, it was concluded that the ultrasonic sensor appeared
to be an effective and practical alternative to X-ray imaging for investigating the flow
behavior of asphalt mixtures in the CFT setup.
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As shown in the work flow chart (Figure 3), in addition to the evaluation of the
ultrasonic sensor, a parametric study with the X-ray setup was carried out to examine
the capability of the CFT in reflecting possible changes of flow behavior in asphalt
mixtures due to different construction parameters, i.e. influence of lift thickness,
roughness of the mold’s bottom surface and impact of static and vibratory compaction
modes. The results of this study were published in papers V, VI and VII and are
summarized below.
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6. X-ray parametric study of CFT
6.1. Impact of lift thickness on the CFT results
6.1.1. Specimen preparation and test procedure
In this study three lift thicknesses were chosen for the experiments. As
recommended in practice and literature, Bahia et al., 2001; Brown et al., 2005, the lift
thicknesses were chosen to be about 3 and 5 times the NMAS plus 30% more, i.e.
45mm and 75mm. In addition, a higher lift thickness of 100mm was also chosen to
investigate the possible differences to the recommended lift thicknesses.
All specimens were loaded in a displacement control mode down to 70% of their
total heights with the loading rate of 15mm/min.
SMA and AC mixtures with NMAS of 11mm and a 70/100pen bitumen content of
6.2% per total weight were prepared according to the Swedish standard (TRVKB 10,
2011). Similar to the previous specimen preparations, all mixtures were prepared at
temperatures between 160°C to 165°C. All internal walls of the mold were lubricated
with motor oil (15w-50) before pouring each mixture into the mold for minimizing the
wall effects. After preparing each mixture and filling it into the mold, the specimens
were placed in an oven for 1.5 hours at compaction temperature of 140°C before being
installed under the load frame for testing. An overview on the prepared specimens is
shown in Table 6.
Table 6 Summary of the tested specimens
Gradation
SMA
SMA
SMA
AC
AC
AC

Thickness(mm)
100
75
45
100
75
45

Replicates
2
2
2
2
2
2

Abbreviations
S-100
S-75
S-45
A-100
A-75
A-45

6.1.2. Results and findings
Based on the image analysis results (Figure 26), the flow of particles under the
loading strip, i.e. screw 1 (see Figure 11b), for all three thicknesses was vertical for
AC while a bit inclined towards the load-free side for SMA.
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Figure 26 Mean values of maximum XZ plane movements of the screws for SMA (black) and
AC (red) mixtures (all values are in millimeters).

However, when comparing the direction of movement in screw 4, the relative
difference in inclination between AC and SMA becomes more significant. The results
suggest that the tendency for the particles to escape from the loads is higher for the
SMA in this region. As we go deeper in the specimens, the direction of the flows in the
AC and SMA becomes more and more aligned for the thicker lift thicknesses whereas
they remain still different for the 45mm thick specimens. It is also worth mentioning
that in the thicker AC specimens the flow of screw 7 is significantly lower as
compared to the flow of screw 4. On the other hand, this difference is smaller for the
thicker SMA specimens. Hence, the overall movements under the loading strip suggest
that the vertical rearrangements are higher for AC than SMA. The high percentage of
finer mineral aggregate fractions in the AC mixture justifies such behavior.
On the other hand, due to the coarseness of SMA, the maximum densification levels
for these mixtures are reached faster than for AC. This causes a larger flow towards
the load-free side of the specimen for SMA mixtures.
Obviously, the movements at the center column are lower than under the loading
region for both SMA and AC specimens. However, the significant decrease in AC
indicates that the mixtures with the finer continuous gradation were not as much
influenced by the flow under the loading strip than in case of the coarser SMA.
At the center of the 75mm and 45mm thick specimens, the flows of SMA tend
towards the surface. This is also true for the screw 5 of the 100mm thick SMA
specimen. However, in the deeper region, the flow occurs more horizontal than
upward as demonstrated by screw 8 for the 100mm thick SMA specimens. On the
other hand, for the AC specimens, the flow of screws 5 and 8 was more or less
horizontal. Moreover, the surface uplifts at this region for the 45 and 75mm thick AC
specimens were clearly minor as compared to SMA specimens with the same
thicknesses.
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Further away from the loading region, the flow of screws 6 and 9 at the right end of
the specimens is lower than in the center column for both SMA and AC. However, the
flow is still considerable for the SMA, especially for the 100mm and 75mm thick
specimens, and less significant for the AC.
Remarkable are the surface uplifts at the right end of the specimens; it is obvious
that the uplifts in this region are either equal or higher as compared to the uplifts at the
center column for the 100mm and 75mm thick specimens. However, it is vice versa for
the 45mm thick specimens. The reason behind such a phenomenon appears to be the
shear zone that is formed during compaction. For the specimens with the higher lift
thicknesses a larger shear zone is formed and the bottom wall has small impact on the
flow. On the other hand, the flow in the 45mm specimens, seem to be disturbed by the
bottom wall, such that the load causes more uplift near the loading strip and less at the
right end.
Similar to the previous sections, the overall results indicated that the coarse mineral
aggregates in SMA caused a lot of lateral movements away from the loading strip;
whereas, the movements of the aggregates in AC were more horizontal at the center
and significantly lower at the right end of the specimens. This phenomenon suggests
that for AC the compaction has more like a punching effect with little amount of flow
to the free side.
The results also confirmed that the flow behavior of asphalt mixtures can be
characterized by changes on the load free surface of the specimens. Because the uplift
for the SMA mixtures is noticeably higher than for AC, coarser mixtures can easily be
distinguished from finer mixtures. In addition, the uplifts allow also distinguishing the
size of the shear zone for different lift thicknesses, hence, appearing an appropriate
method for investigating the internal rearrangement patterns of asphalt layers with
different thicknesses using the CFT. This information can be generally expected to be
valuable for mix design that includes compactability aspects.
Flow results also help explaining some of the previous research results addressed in
the background section. In particular, the flow patterns support the recommendation
(Kandhal and Mallick, 1997; Ghafoori Roozbahany et al. 2013) of starting the
compaction at some distance away from the joints. However, the punching effect
observed with AC mixtures suggests that compaction of asphalt joints should not
necessarily start 15cm away from the joints when using fine continuously graded
mixtures. In addition, the flow information can also be used for improving the
compaction methods in general as well as improving the gradations for better
performance of joints.
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It is worth mentioning that the overall results of the two replicates in each case were
comparable and in full agreement with the findings in section 5. Hence, no further
replicates were tested.

6.2. Impact of the mold’s bottom roughness on the CFT results
6.2.1. Specimen preparation and test procedure
Two bottom surfaces, i.e. one flat as a reference and another one heavily rough due
to 10mm deep rounded grooves (radius 5mm) was fitted inside the CFT mold for the
test as schematically shown in Figure 27.

Figure 27 The chosen CFT bottom surfaces in this study (all dimensions are in mm)

For part of the study, the SMA 11 and AC 11 mixtures were collected from an
asphalt plant. Similar to the previous mixtures the gradations fulfilled well the
Swedish standard (TRVKB 10, 2011). The percentage of the 4-11mm aggregate
fraction for SMA11 and AC11 was 70% and 42% of the total mixture weights
respectively. The bitumen type used for the mixtures was 70/100pen. Based on the mix
design by the producer, the binder contents of the mixtures were 6.4% by weight for
SMA11 and 6.5% by weight for AC11.
Each specimen was prepared with the lift thickness of 50mm. The vertical
displacement under the load was 10mm, i.e. 20% of the specimen height, and applied
displacement controlled with a loading rate of 15 mm/min. The specimen preparation
was as described in the previous sections. Examples of the obtained 2D X-ray
radiographs at the end of the tests are presented in Figure 28.

Figure 28 Examples of the X-ray 2D images obtained from specimens with flat and rough
bottom surfaces.
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6.2.2. Results and findings
Similar to the previous results, SMA 11 with higher percentage of coarse particles
required higher forces for the same imposed displacement than AC 11 (Figure 29).
However, for both mixtures, the required forces for imposing the same displacement
were lower for the specimens with rough than flat bottom surface. This may be due to
the difference between the volumes of the specimens with the flat and rough bottom
surfaces, see Figure 27. As compared to the specimens with the flat bottom surface,
the required force was reduced by about 50% for SMA 11 and about 22% for AC 11.
From this, one could expect that the flow would be affected accordingly.

Figure 29 Mean values of the required forces and their standard deviations for obtaining
imposed displacement

In the case of SMA specimens (Figure 30), it seems that this mixture produced
higher overall movements in case of flat bottom surface than with rough surface. For
screw no. 1 under the loading strip, the movement was more vertical in case of rough
than flat bottom surface. On the other hand, according to screw no. 4, the direction of
the flow was the same for both bottom surfaces; the movements of screw no. 7 indicate
that the rough bottom surface seems to reduce the intensity of the flow significantly.
On the load free side of the SMA specimens the directions of the flow seem to be
mostly alike, except for screw no. 3. However, as expected, the flow for the specimens
with flat bottom surface appears still of higher magnitude.
For the AC mixtures (Figure 30), the major differences between the movements of
the screws occurred under the loading strip. Obviously, the overall movements under
the loading strip, screws no. 1, 4 and 7, are more vertical for AC 11 specimens with
rough bottom surface than with the flat bottom surface. On the other hand, the
directions of the flow on the load free side of AC 11, i.e. screws no. 5, 6, 8 and 9, were
mostly similar for the two bottom surfaces. However, the magnitude of the movements
seemed to be reduced by the roughness.

35

Figure 30 Mean values of the movements within the SMA and AC specimens with flat and
rough bottom surfaces (all values are in millimeters).

The surface movements on the load free side of the specimens, as shown in Figure
30, can reasonably reflect the internal flow within the specimens compacted on the
chosen bottom surfaces. The overall results suggest that CFT with the used monitoring
system has a potential to reveal the internal changes of different mixtures compacted
on surfaces with different roughness geometries. This might also help in optimizing
the interaction between the overlay and its supporting layer on the roads. The results
also highlight the impact of the grooves on the flow behavior of asphalt mixtures
which may be easily neglected when paving on heavily milled surfaces.

6.3. Impact of static and vibratory compaction modes
6.3.1. Specimen preparation and test procedure
The same mixtures and specimen preparation procedures used for studying the
bottom roughness was also followed in this study comparing static and vibratory
compaction.
As recommended in literature (Bahia and Paye, 2001) and also practice, asphalt
mixtures with lift thicknesses up to approximately 60mm can be effectively compacted
in vibration mode with low amplitude and high frequency. Hence, in this study, an
amplitude of 0.25mm and a frequency of 70Hz were chosen for CFT while applying a
continuous static displacement under the load with 15mm/min (Figure 31). The
conducted tests are summarized in Table 7.

Figure 31 Schema of the static and static plus vibratory loads imposed to the CFT specimens
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Table 7 Summary of the conducted test in this study (the numbers show the replicates in each
case)
Mixture type
SMA 11
AC 11

Compaction modes
Static
Static + Vibration
3
3
3
3

6.3.2. Results and findings
Figure 32 shows the differences in directions and magnitudes of the movements of
SMA 11 loaded with a static ramp and a ramp with superimposed vibration.
Obviously, the differences at the bottom of the load free side of the specimens appear
negligible; however, as we move towards the surface of the load free side of the SMA
11 specimens, i.e. screws no. 2, 3, 5 and 6, the differences between the movements of
the specimens loaded with and without vibration seem to increase. These differences
show that the vibration has lowered the flow of SMA 11 particles especially near the
load free surface. Such observation indicates that the corn to corn interaction among
the aggregates on the load free side of the specimens was lowered by vibration. In fact,
the vibratory movements seemed to allow more free rearrangements of aggregates,
especially in the regions close but not directly affected by the compacting load. As a
result, the uplift on the surface of the SMA 11 specimens was lowered.

SMA

AC

Figure 32 The flows of the asphalt SMA and AC specimens tested by CFT with and without
vibratory compaction mode (all values are in millimeters).

As shown in Figure 32, in almost all cases, except for screw no. 7, the movements
within the AC 11 mixture compacted in static mode appeared higher than with
superimposed vibration mode. Under the loading strip, the direction and magnitude of
the movements of screws no. 1 and 4 indicate that the flow of AC 11 under static
loading was higher in this region and more towards the load free side than when
applying vibration. As we go deeper under the loading region, the movements of screw
no.7 are not affected by vibration for the AC 11 specimens. This means a negligible
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flow difference between these two modes close to the bottom of the specimens under
the load.
On the load free side of the AC 11 specimens, the movements of the screws no. 2, 5
and 8 for purely static compaction were more oriented towards the surface whereas for
superimposed vibration the movements were more horizontal. Besides, the magnitude
of the movements of screws no. 2,3,5,6 and 8 without vibration were significantly
higher than in case of vibration. Similar to the SMA 11 results, the uplift on the load
free surface of the AC 11 specimens under static loading was significantly higher than
with vibration.
When comparing the flow vector differences between the specimens loaded with
and without vibration (Figure 33), it appears that AC 11 has been more influenced by
the vibration than SMA 11. Under the loading, the movement differences for screw no.
4 show a significant impact of vibration on AC 11 as compared to SMA 11.

Figure 33 Mean values of the flow vector differences between the specimens loaded with and
without vibration in the CFT setting; black arrows stand for SMA 11 and the red ones for AC
11 (all values are in millimeters).

The vector differences for screws no. 5 and 8 show that the vibration had almost 3
times more impact on the flow change of AC 11 than of SMA 11. These differences
are reduced for screw no. 2 but still higher for AC 11 than for SMA 11. Further away
from the loading, i.e. screws no. 3, 6 and 9, the flow changes due to vibration in AC 11
are more vertical and increasing from bottom to the top, while for the SMA 11 the
changes appear not to follow a pattern.
Results obtained from all three parameters studies in this chapter suggest that uplift
measurements on the load free surface of the specimens can reflect their internal flow
behavior and therefore their compactability in a reasonable way. Using uplift
measuring tools, such as ultrasonic sensor for CFT, were found to be a simple and
effective alternative for the X-ray, in order to investigate the impacts of new
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innovative construction techniques and asphalt mixtures on the flow behavior in a time
and cost saving way.

7. Discrete element modeling of selected CFT boundaries
Obviously almost all laboratory scale tests have limited capabilities and rely on
specific boundaries and simplifications in their configurations as well as idealizing
assumptions which make compromises on their results. Thus, it is important to
understand the limits of each test. Therefore, first, the impact of the mold size, loading
rate and loading strip geometry, on the CFT results under extreme conditions were
investigated, using the 3D version of the PFC software.
From the earlier results of the CFT follows that mixtures with coarse structures may
be expected to show more flow than fine structured ones. Therefore, for examining the
geometrical boundaries of the CFT, it was decided to generate the coarsest possible
assembly to simulate the highest possible flow. Hence, an assembly of single size
spherical particles with the diameter of 11mm was generated. This assembly represents
the coarsest possible condition of a mixture with the NMAS of 11mm. It is well
understood that in case of other NMAS, the geometrical boundaries may also change,
and the sensitivity analysis would have to be repeated accordingly following the same
methodology as described below.

7.1. Impact of mold size on CFT results
In order to investigate the impact of the mold size for NMAS 11mm, instead of the
original CFT mold length of 150mm, CFT molds with double length (300 mm) were
considered (Figure 34). Moreover, two mold heights of 35 and 55mm as common and
recommended lift thicknesses for a wearing course were generated. The width of the
mold was chosen to be 60mm, i.e. large enough to contain a reasonable number of
particles but small enough to keep the computational time relatively short. DEM
analysis was performed both way, with a linear and a viscoelastic Burger’s contact
model (see Chapter 3).
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Figure 34 An example of the generated specimen used for investigating the impact of mold
length size on the CFT results

Comparing the results of the simulations showed that the generated specimens with
linear contact model demonstrated more flow, thus representing the more extreme
results than with the Burger’s contact model. Hence, only the results of DEM
simulations with linear contact model are discussed in this section.
For each case, three random simulations were carried out and the results were
presented by mean values. As shown in Figure 35, most of the flow to occurred within
the first half of the mold (0-150mm) while substantially decreasing in the second half
between 150-300mm in length. Considering the fact that the generated assembly was
an extreme case, it appears that the selected mold length of 150mm for the two
suggested lift thicknesses is justified and does not seem to compromise the results of
the CFT considerably. These results are in full agreement with the experimental results
obtained in an earlier study (presented in section 6.1.).
150-300(mm)

Z↑

83%
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X→

91%
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2%

1%

55mm

0-150 (mm)

300mm
150-300 (mm)

Z↑

88%
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3%

3%

X→

91%

6%
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1%

35mm

0-150 (mm)

300mm
Figure 35 Expected shares of total particle movements in the XZ plane in different zones of
the mold sizes of 300x60x55mm3 (top) and 300x60x35mm3 (bottom) (The results obtained
from calculating the mean value of 3 replicates.)
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7.2. Impact of loading strip geometry on CFT results
When developing the CFT, the loading strip was assumed to be rectangular, thus
representing either the edge of the roller drum (which would be particular important
where compacting close to asphalt joints) or an extremely large drum when simulating
the flow in the front of the roller. However, since there are roller drums with small
radii, e.g. 250mm, it was crucial to investigate the sensitivity of the CFT results to
such a geometrical change. Hence, the extreme case of possible change in the loading
strip geometry by 6° tilting of the contact area (angular loading strip) was simulated as
shown in Figure 36 and the results were compared with those obtained from the
rectangular loading strip.

Figure 36 Schema of the alternative angular loading strip (orange) to the rectangular CFT
loading strip (brown)

The simulation was carried out generating mold sizes of 150x60x35/55mm3. Again,
both linear and viscoelastic contact models were considered for analyzing the impact
of loading strip change on the CFT results.
The results of the linear contact model simulation are shown in Figure 37.
According to these results, the change of the loading strip appeared to increase the
total horizontal flow (adding up all absolute horizontal particle movements) under the
loading strip by 12% and 32% for the specimens with heights of 55mm and 35mm
respectively. However, on the load free side of the specimens (50-150mm) the total
XZ plane movements of the particles in the specimens loaded with the rectangular
strip were higher than those with the angular one. Hence the results suggest that the
rectangular loading strip still produced more critical flow conditions whereas the
angular one may underestimate the flow of a specimen.
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Figure 37 The impact of loading strip geometry change on the total horizontal and vertical
flows of particles (Mean value of 3 random generations assuming linear contact model)

The results of the simulation with the Burger’s model are shown in Figure 38.
According to these results and similar to the linear contact model simulation, total
horizontal movements of the particles under the angular loading strip (0-50mm)
appeared to be higher as compared with the rectangular one. However, unlike the
obtained results from the linear contact model simulation, the viscoelastic simulation
produced higher vertical movements under the angular loading strip.
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55mm

On the load free side (50-150mm), the total vertical movements of the particles in
the XZ plane were higher for the specimens loaded with rectangular strip which was in
agreement with the linear simulation. However, the total horizontal movements of the
particles in the XZ plane were higher than for the case with angular strip.
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Figure 38 The impact of loading strip geometry change on the total horizontal and vertical
flows of particles (Mean value of 3 random generations assuming Burger’s model)

In spite of the expected differences between the results of the linear and viscoelastic
simulations, it still seems reasonable to use the rectangular strip in the CFT as it allows
a more regular and uniform compaction which can increase the repeatability of the
test.

7.3. Impact of loading rate change on CFT results
The impact of changing the loading rate on the CFT results was investigated using
the viscoelastic simulations. In addition to the standard CFT loading rate of
15mm/min, other loading rates of 75, 150mm/min were simulated on generated
specimens with the mold size of 150x60x55m3.
The impact of the change in loading rate was studied by calculating the summation
of the movements of all the particles in the vertical direction as well as the vertical
movements of all particles overflowing the top edge of the load free side of the mold
during the test.
The results from changing the loading rate showed that increasing the 15mm/min
reference loading rate about 10 times increased the total vertical flow of the DEM
generated particles accordingly (Figure 39). In addition, the results of vertical
movements rising above the top edge of the mold on the load free side of the simulated
specimens, Figure 40, also indicated differences between the CFT simulated with the
reference loading rate of 15mm/min and the CFT with 75 and 150 mm/min. These
results suggest that the chosen loading rate of 15mm/min seems to be suitable for the
CFT as it allows the material to relax during the test for the assemblies with rather low
viscosities, thus roughly representing conditions of asphalt mixtures at high
temperatures.
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Total vertical movements
(mm)

Obviously, lowering the loading rate even below 15mm/min can allow more
relaxation of the material during the CFT; however, it may allow the mixture to cool
down during the test, thus increasing the viscosity of the mixture during the test more
significantly than when tested with 15mm/min. Hence, the loading rate of 15mm/min
was still considered appropriate for performing CFT.
1000
781

744

709

800
600
400
200
0
0

15 30 45 60 75 90 105 120 135 150
Loading rate (mm/min)

Movements upper than mold
edge (mm)

Figure 39 Total vertical movements of the simulated CFT for the specimen size of
150x60x55m3
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Figure 40 Vertical movements higher than the mold edge on the load free side of the
simulated CFT for the specimen size of 150x60x55m3

Calibration of the CFT results based on field flow measurements can help closing
the gap between the laboratory and field. Therefore, it is important to find a method
for measuring the flow in the field for relating CFT results to what actually happens in
the field. Hence, in the following chapter the CFT is utilized for conducting trial tests
for finding a suitable tracking system with the potential of conducting flow
measurements in the field during the road construction.
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8. Using CFT for finding a method to measure flow in the field
As mentioned earlier, finding a link between CFT results and the relative conditions
in the field is crucial for further adjustments of the CFT and also for reducing the gap
between the laboratory and field results. Therefore, an attempt was made to find a
proper tracking method for investigating the movements within asphalt layers during
field compaction. The main goal of this section is to demonstrate that the CFT may be
helpful to foster such attempts.

8.1. Existing systems for tracking the flow
As a first step, a literature review was carried out to find simple tracking methods
that can conduct effective tracing with high accuracies. It was obvious that the tracking
methods were required to be wireless as any extra disturbance would cause misleading
mixture flow measurements. Besides, the flow of asphalt mixtures particles were
expected to be small, hence, the tracking method was expected to have the capability
of conducting measurements in the scale of millimeters.

8.1.1. Ground penetration radar
Ground penetration radar (GPR) is very well-known method and has been
frequently used for investigating the quality evaluation of pavements (Maser and
Scullion , 1992; Hugenschmidt et al., 1998; Saarenketo and Roimela, 1998; Al-Qadi et
al., 2010). This method can be operated quickly at high speeds. However, the accuracy
of this method is in the scale of centimeter (Hugenschmidt et al., 2012). Therefore, this
method did not seem to be applicable for this study.

8.1.2. Radio frequency identification
In the radio frequency identification (RFID) method a few tags are placed inside of
a media and by using the electromagnetic fields. The tags are identified and traced
(Schwartz et al., 2014). The recent developments of RFID have shown the capability
of this method for conducting field measurements in the road industry. For example
RFID has been used for tracing the cooling rates and compaction pressure imposed on
a newly laid asphalt layer. It has also been used for measuring interlayer temperature
changes throughout the road service life (Pfeiffer, 2010). A common way of using
RFID is to encapsulate its tags inside a polyvinyl chloride (PVC) shell to protect them
from extreme heat or excessive compacting load pressure. These protective PVC shells
are normally made rather large to efficiently protect the tag (Figure 41). However,
large shell makes the tags so large that their sizes overpass the NMAS of an asphalt
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mixture. Thus, it can disturb the flow and is not expected to flow the same way as its
surroundings during the compaction. Hence, this method did not seem to be suitable to
be used in this study.

Figure 41 Example of PVC protective shells for RFID tag (Pfeiffer, 2010)

8.1.3. Terahertz radiation
Terahertz waves can penetrate into materials with different dielectric properties; the
obtained images from transmission and reflection of terahertz enabled this method to
be considered as one of the effective imaging methods along with X-ray and infrared.
This method is claimed to be capable of locating objects in 3D (Guillet et al., 2014). In
spite of its capabilities, the trial tests conducted in this study on the laboratory setup of
this method did not show promising results in case of asphalt mixtures.

8.1.4. Magnetic field positioning
This method is used for locating objects with magnetic properties such as metal.
The existing magnetic sensors are capable of locating objects in both 2D and 3D with
high accuracies. For tough conditions, it seemed possible to use magnets as large as
10mm or even smaller with high magnetic field strengths to increase the probability of
conducting an effective positioning with high precisions.
Therefore, after conducting successful positioning on already compacted asphalt
specimens (see appendix IV) it was decided to carry out more feasibility tests with this
method on loose asphalt mixtures.

8.2. Feasibility test with magnetic field positioning
The CFT was used for simulating the compaction. The X-ray radiography imaging
was used for examining the accuracy of the magnetic field positioning. To simplify, it
was decided to only measure horizontal movements of the magnets in the XZ plane.
Hence, two cylindrical magnets with the diameter of 10mm and height of 5mm were
placed at the bottom and center of the mold XY plane of the CFT mold. The
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positioning of the magnets was carried out using a highly sensitive geomagnetic field
pointer (magnaprobe) before and after the test as shown in Figure 42.

Figure 42 Schema of the positioning method before (left) and after (right) using magnetic
field pointer during the CFT (H=36mm)

In order to avoid the effect of temperature on the initial measurements this method
was initially applied to cold mixtures.

8.2.1. Applying the tracking system on cold asphalt mixtures
Three different cold mixtures, one coarse (0-16mm) and two fine graded (0-5mm
and 0-4mm) were used for the tests. For preparing each specimen, initially the magnets
were placed at the bottom of the mold in the center of the XY plane as shown in Figure
42 and then the mixture was poured into the mold to avoid large movements of the
magnets before the test. Then, the locations of the magnets were detected by the
magnaprobe and marked at the top edge of the mold walls (Figure 43). After that, the
CFT was carried out inside the X-ray machine while acquiring X-ray radiography
images, Figure 44. Next, the final positions of the magnets were marked on the mold
walls and the relative movement of each magnet from its initial location was
measured. Finally, the results of the magnetic field positioning and X-ray images were
compared. More details about the test procedure can be found in the appendix, Paper
IV.

Figure 43 Positioning the embedded magnets inside the CFT mold
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Figure 44 Example of acquired X-ray images from the CFT with embedded magnets

Totally, 15 tests were carried out using the cold asphalt mixtures. As shown in
Table 8, in most of the cases, the difference between the results of the two tracking
methods were within the range of a millimeter and the highest difference between the
two tracking methods was 1.60mm. Hence, in spite of the primitive setup, the chosen
tracking method appeared to be effective.
Table 8 Results of tracking magnets in the cold mixtures
Replicates
4
5
6

Name
Fine-(0-5mm)
Fine-(0-4mm)
Coarse-(0-16mm)

X-ray
imaging(mm)
x1
x2
8.5
1.4
8.6
1
9
2.2

Magnetic field
positioning (mm)
x'1
x'2
9.4
2.3
8.4
2.5
9.8
3.8

difference (mm)
d1
0.90
-0.20
0.80

d2
0.90
1.50
1.60

The promising results obtained from the suggested tracking method on the cold
mixtures encouraged further use of this method on hot asphalt mixtures.

8.2.2. Applying the tracking system on hot asphalt mixtures
The CFT along with the tracking methods was carried out using SMA and AC
mixtures both with the NMAS of 11mm and bitumen type of 70/100pen. For specimen
preparation, the magnets were first placed inside the CFT mold in the same way as for
the cold mixtures. Then, the mold was gently filled with the prepared mixture. Next,
the mold was placed back in the oven at 150˚C for about 2 hours. After that, the
magnets were located by the magnaprobe and, immediately after, the specimen was
tested while acquiring the X-ray images. Next, the final locations of the magnets were
detected by the magnaprobe. Finally, the results of the X-ray image analysis and the
magnetic field positioning were compared. More details of the test procedure and
mixture properties can be found in the appendix, paper IV.
Totally 13 specimens were tested. As presented in Table 9, the results of the
tracking show very small differences between the two tracking methods used for the
measurements which suggests the effectiveness of the magnetic field positioning
method.
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Table 9 Results of tracking the embedded magnets inside the hot mixtures
Replicate
s

Name

7
6

AC11
SMA11

X-ray CT
analysis (mm)
x1
x2
4.9
0.5
6.4
1.4

Magnetic field
positioning (mm)
x'1
x'2
4.7
1.3
6.4
1.9

difference (mm)
d1
-0.2
0

d2
0.8
0.5

The results of the magnetic field measurements obtained in this study for both cold
and hot mixtures encourage further research with advanced magnetic sensors for 3D
positioning with higher accuracy. Additional studies are required for considering other
field aspects, such as the impact of the roller compactor on the embedded magnets,
before further use of this method in the real field.
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9. Conclusions
A simple compaction flow simulator (CFT) was proposed and used along with two
tracking methods to study the flow behavior of model and real asphalt mixtures with
different characteristics subjected to compacting forces. The results of the conducted
tests clearly demonstrated the capability of the CFT for distinguishing between
different mixtures and also providing a ranking among the mixture characteristics with
the most to least impact on the flow behavior of asphalt mixtures. It was also shown
that the CFT allowed a successful investigation of the impact of construction
parameters such as lift thickness, bottom roughness and compaction modes on the flow
behavior of wearing course mixtures. Also, the CFT was successfully utilized for
finding a potential tracking method for further understanding the flow during the field
compaction. From this study, the following conclusions can be drawn:
 The trial tests on model and real asphalt mixtures suggested that a strong relation
between the internal rearrangement and the vertical movements of mixtures on the
load free surface (uplift) of the CFT exists. This suggests that measuring the uplift
changes is a viable practical alternative to costly X-ray imaging for obtaining
information about the overall flow of asphalt mixtures. Experimental CFT results
using a distance measuring ultrasonic sensor for uplift measurements successfully
confirm this finding.
 Force versus displacement as well as the overall flow measurements by means of
ultrasonic sensor during the CFT allowed detecting the characteristics with highest
impacts on the flow behavior of asphalt mixtures.
 Stiff mixtures, i.e. the ones with coarse structures and/or low bitumen content,
required highest compaction forces in the CFT and, consequently, showed higher
uplifts for reaching the same level of imposed compaction.
 Increasing the lift thickness resulted in forming more extended shear zones
affecting larger distances ahead of the compaction load while for the thin lifts the
compaction effect were more local. This suggests that mixture gradation as well as
lift thickness should be carefully chosen based on the expected material flow at
asphalt joint locations when maintenance work is conducted.
 The CFT demonstrated its capability of reflecting the possible flow differences of
the wearing course mixtures compacted on surfaces with different roughness by
comparing their compacting loads and uplift results. The results also suggest that
50

the CFT can be used for finding the optimum bottom roughness for increasing the
density of construction joints.
 The CFT also showed its potential for differentiating between the flow behavior of
mixtures under static and vibratory compaction modes. Based on the obtained
results the static mode caused more overall flow during the CFT as compared to
those compacted with vibratory compaction which seem to lower the intensity of
aggregate to aggregate interactions on the load free side of the CFT specimens.
 Investigating the boundaries of the CFT using discrete element method suggested
that the current mold length of the CFT (150mm) is suitable for testing mixtures
with NMAS of 11mm and for common lift thicknesses of the wearing course as
recommended in the standards.
 The change of the loading strip geometries appeared to have little impact on
results of the CFT and the current setup seems to be still a valid method for
providing more critical flow conditions as compared with the other geometry
tested in this study. This also due to the fact the rollers with small radii are not
used for high volume heavy traffic roads.
 Changing the loading rate appeared to have the most substantial impact on the
CFT results. However, the current loading rate of the CFT, i.e. 15mm/min seemed
to be suitable as it does not allow high temperature loss during the test and at the
same time it is slow enough to allow the particle-bitumen assemblies to relax
under the loading.
 Among the studied tracking methods, the magnetic field positioning appeared to
have the highest potential for conducting flow measurements in the field.
Differences between the results of the magnetic field positioning method and the
X-ray CT image analysis for cold and hot mixtures were relatively low.
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10. Recommendations and future work
10.1. Recommended CFT specifications
Based on the promising experimental results obtained with the CFT and the
investigation conducted on specific boundaries in this study, the following
specifications and setup is recommended for further use in measuring the flow of
wearing course mixtures with the NMASs equal and lower than 11mm.
 Mold:
- Preferably aluminum mold with the size of 150x100x(35-55)mm3
 Loading strip:
- Rectangular shape with the loading area of 100x50mm2
 Loading device:
- Any loading device with the load capacity higher than 20kN
 Loading rate:
- 15 mm/min
 Loading range:
- Up to 40% of mold height on displacement control mode
 Loading modes:
- Static linear ramp
 Tracking device:
- Distance measuring ultrasonic sensor with capability of conducting
measurements with the accuracy of millimeter with the minimum detecting
range of 150mm

10.2. Future work
Based on the results obtained from this study the followings potential future
research can increase the contribution of the CFT to the road industry as well as
increase of scientific knowledge.
 The results of the magnetic field measurements obtained in this study for both
cold and hot mixtures encourage further research with advanced magnetic
sensors for 3D positioning with higher accuracy. It is obvious that additional
studies are needed for considering other aspects, such as the impact of the roller
compactor on the embedded magnets, before using this method for the real field
compaction investigation.
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 The CFT should be validated and calibrated for other mixtures with higher
NMASs and in relation with the field results for enabling conducting
measurements in a higher range of asphalt mixtures.
 The promising CFT results suggests that such a test setup may be adapted as an
evaluating tool to avoid using mixtures with poor quality for the road
construction before laying them on the roads or making adjustments on the
construction according to the in-site conditions of the mixtures (Figure 45).

Figure 45 Characterization of asphalt mixtures based on their CFT results
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