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A B S T R A C T

The compaction process of asphalt mixtures has a great influence on the durability and long-term performance of 
flexible pavements. To improve the field compaction process, particle-size sensors have recently been introduced 
and standardised to assess the workability of asphalt mixtures. Most studies employ cubic shell sensors or sensors 
with an irregular shape. Moreover, to date, no study has assessed whether the choice of the gyratory compactor 
can affect the sensor measurements. Within this context, the objective of this study is to compare particle-size 
sensors with easily reproducible shell geometries (cubic, spherical), in order to verify their behaviour during 
compaction and their ability to assess the workability of three asphalt mixtures with different characteristics. 
Moreover, the study compares two gyratory compactors with different compaction mechanisms to provide a 
preliminary analysis of the gyratory compactor influence. The results indicate that the spherical sensor can be 
more sensitive to workability variations. Furthermore, the cubic sensor may hinder compaction in the sur
rounding area by impeding the movement of the adjacent aggregates. The compaction mechanism, which can 
vary for different gyratory compactors, may have a certain influence on the compaction process. Finally, the ratio 
between the sensor size and the mixture nominal maximum aggregate size is an aspect to be taken into due 
consideration.

1. Introduction

The compaction process of asphalt mixtures represents a critical 
phase in the construction of road pavements. Ensuring proper compac
tion is essential to achieve durability and long-term performance. 
Several compaction methods are used in the laboratory to study the 
densification process, such as the gyratory compactor, the roller 
compactor, the static compactor, and the Marshall impact compactor [1, 
2]. However, the final properties of the mixture, although ideally gov
erned solely by its composition and volumetrics, are in practice strongly 
affected by the compaction method and conditions, making the densi
fication process particularly complex to analyse [3]. Consequently, open 
issues remain regarding the correlation between the compaction 
behaviour evaluated in the laboratory and that observed in the field. 
This is the reason why the compaction process in the field is still mostly 
based on practical experience, which often leads to pavement perfor
mance issues in the long-term.

For these reasons, particle-size sensors have been recently intro
duced in pavement engineering to investigate the workability of asphalt 
mixtures. These sensors typically consist of an external shell of ther
moplastic polymer and an internal wireless sensor that can measure 
accelerations, rotations and temperature. The collected data is then 
transmitted in real time to a digital device via Bluetooth technology. 
This type of sensor was introduced in civil engineering to investigate the 
movement of railway ballast particles [4,5]. In these first applications, 
an external shell similar to a real ballast particle with a nominal size of 
60 mm was used. The size of the sensors was then reduced to be 
implemented in asphalt mixture research. This innovative technology 
was initially used to investigate the kinematics of coarse aggregate 
particles during the gyratory compaction in the laboratory [3]. Since the 
sensors proved to be effective in investigating the compaction behaviour 
of asphalt mixtures, their use in pavement engineering has been recently 
standardised by ASTM D8541 [6]. A review of the literature shows that 
particle-size sensors with different geometries and nominal sizes have 
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been used in laboratory experiments with the gyratory compactor. 
Table 1 summarises the relevant references involving a 150 mm diam
eter mould and reports, for each study, the mixture nominal maximum 
aggregate size (NMAS) and the ratio between sensor size and NMAS.

Particle-size sensors allow assessing several variables during the 
compaction process. In fact, they were used to demonstrate that aggre
gate size and gradation affect the compaction behaviour [7] and to study 
the effects of compaction temperature and Warm Mix Asphalt additives 
on workability [8,9]. Moreover, this technology was also tested for other 
pavement materials, such as unbound aggregate for base layers [10,11]
and cold recycled mixtures [12].

Particle-size sensors have also been used to evaluate aggregate par
ticle motion under the action of different rollers during field compaction 
[13,14], highlighting that the acceleration induced by vibrating drums 
is the main parameter affecting the compaction process [15− 17].

Other studies have explored applications other than the evaluation of 
compaction. For example, particle-size sensors could allow to estimate 

the stiffness modulus of asphalt layers in the context of structural health 
monitoring [18,19]. In addition, the sensor data also show potential in 
detecting pavement distresses such as rutting, cracking and water 
damage [20]. Moreover, particle-size sensors proved to sense stress 
changes within cementitious mixtures, thus representing a useful tool 
for assessing the different stages of strength evolution and damage 
development for this type of materials [21].

To better understand the compaction phenomenon, recent studies 
simulated Marshall and gyratory compaction with the discrete element 
method and calibrated the model by using particle-size sensor data [22]. 
Moreover, advanced computer modelling methods such as Bullet physics 
engine [23] and Machine Learning [24] have been combined with the 
use of particle-size sensors to predict the compaction conditions of 
asphalt pavements.

The literature analysis presented above reveals the potential of using 
particle-size sensors for the compaction quality control of asphalt 
pavements, as they allow real-time estimation of the compaction degree 
and are generally easier to install and more efficient than conventional 
sensors.

However, it has recently been shown that particle contact stresses are 
influenced by the aggregate shape [25] and that the dimension of the 
particle-size sensor affects the meso-structural properties of asphalt 
mixtures [26]. Furthermore, as shown in Table 1, most studies employed 
cubic shell sensors, while others used sensors with an irregular external 
geometry, intended to reproduce real aggregates. A cubic sensor, due to 
its flat surfaces, may rotate with greater difficulty during compaction 
than the irregular one, while irregular sensors raise reproducibility is
sues because their geometry is not consistently defined. In addition, the 
studies available in the literature used different gyratory compactors 
without, however, verifying whether the compactor itself is a variable 
affecting the sensor measurements.

Within this context, the objective of this study is to compare particle- 
size sensors of different geometry, in order to verify their behaviour 
during compaction and their ability to analyse the compaction process. 
To this aim, two easily reproducible shell geometries (cubic, spherical) 
and three asphalt mixtures with different characteristics (e.g., NMAS) 
are investigated in the laboratory. Moreover, the study compares two 
gyratory compactors with different compaction mechanisms, in order to 
provide a preliminary analysis of the gyratory compactor influence.

2. Materials and methods

2.1. Asphalt mixtures

The experimental program considered three dense-graded asphalt 
concrete mixtures for different pavement layers, i.e., for wearing, binder 
and base courses, all produced at the asphalt plant. They were chosen 
specifically for their distinct characteristics in terms of aggregate 
gradation, NMAS, binder type and dosage, and reclaimed asphalt 
pavement (RAP) content (Table 2, Fig. 1). The investigated wearing 
course mixture is mainly used for microsurfacings.

2.2. Compaction

The gyratory compaction was carried out by the simultaneous action 
of static compression and shear stresses, by considering the standard test 
conditions specified by EN 12697–31 [27]: gyration angle of 1.25◦, 
rotation speed of 30 rpm, vertical pressure of 600 kPa. Two gyratory 
compactors, characterized by different compaction mechanisms, were 
considered. The main difference between them is the movement of the 
mould during the compaction process.

Gyratory compactor 1 (Fig. 2(a)), model GYROCOMP by IPC 
GLOBAL, is characterized by the rotation of the entire system (mould, 
specimen and loading plates) around its inclined axis. According to the 
manufacturer, this compactor provides accurate and repeatable test re
sults, together with stiffness and angular stability values within the 

Table 1 
Relevant literature concerning the use of particle-size sensors in laboratory ex
periments with the gyratory compactor (150 mm diameter mould).

Sensor external 
geometry

Sensor 
nominal 
size 
[mm]

Mixture 
NMAS 
[mm]

Sensor nominal 
size / NMAS [-]

Reference

Cubic 23 20 1.15 [25]
25 26.5 0.94 [15]
26 25 – 20 – 

16
1.04 – 1.625 [7]

27 12.5 2.16 [8] [14]
12.5 – 9.5 2.16 – 2.84 [19]
20 1.35 [9] [11]
26.5 1.02 [12]

Parallelepiped Not 
declared

13 Not computable [22] [26]

Irregular shape Not 
declared

9.5 Not computable [3]
12.5–9.5 Not computable [24]
12.5 Not computable [32]
26.5 Not computable [13]

Table 2 
Characteristics of the studied asphalt mixtures.

Mixture Binder Binder [%] RAP [%] NMAS [mm]

Wearing 50/70 pen 5.8 - 6.3
Binder 50/70 pen 4.7 - 16
Base PMB (3.8 % SBS) 4.3 30 20

Note: PMB = polymer-modified bitumen; SBS = styrene-butadiene-styrene 
polymer

Fig. 1. Gradation curve of the studied asphalt mixtures.
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limits defined by EN 12697–31 [27]. The manufacturer also states that 
this mechanism is completely equivalent to the mechanism of 
Compactor 2 described below.

Gyratory compactor 2 (Fig. 2(b)), model B100B92 by TECNOTEST, 
follows the exact compaction principle described in the standard EN 
12697–31 [27]. Compaction is induced through a rigid circular motion 
of the top surface of the mould, which generates a conical surface of 
revolution (considering the specimen axis). During this process, the top 
and bottom surfaces of the specimen remain perpendicular to the axis of 
the conical surface.

One of the objectives of this study is to check the equivalence be
tween these two compaction mechanisms by analysing the particle 
motion characteristics measured by particle-size sensors.

The asphalt mixtures were sampled at the asphalt plant and re- 
heated in the oven (model M250-VF by MPM Instruments) at 160 ◦C 
± 1.5 ◦C for three hours to prepare specimens with a diameter of 
150 mm and a mass of approximately 4800 g. The specimen preparation 
took approximately one minute and consisted of three steps (Fig. 3): 
placing half of the material in the mould (also heated at 160 ◦C ± 1.5 ◦C 
for three hours) trying to obtain a horizontal surface; placing the 
particle-size sensor in the centre (following recommendations from 
previous studies [3,7] and from the reference standard [6]); and pouring 
the remaining material in the mould. The filled mould was then placed 
in the gyratory compactor and compaction was initiated within one 
minute. The same procedure was followed for both shells (cubic, 
spherical). As a first attempt, to prevent any damage to the shells, the 
number of test gyrations was limited to 80.

The two sensors were tested in combination with all asphalt mixtures 
using Compactor 1. Instead, the effect of the gyratory compactor 
mechanism was evaluated with the cubic sensor for the binder mixture. 
The experimental program is summarized in Table 3. For each combi
nation reported in the table, two replicate specimens were compacted.

2.3. Particle-size sensors and workability parameters

The employed particle-size sensors are composed by an external shell 

Fig. 2. Gyratory compactors: (a) Compactor 1, (b) Compactor 2.

Fig. 3. Specimen preparation steps.

Table 3 
Experimental program.

Mixture Compactor 1 Compactor 2

Cubic shell Spherical shell Cubic shell

Wearing × × ​
Binder × × ×

Base × × ​
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made of resin and an internal wireless sensor that integrates the 
MPU9250 micro electro-mechanical systems (MEMS) sensor. This sensor 
comprises a three-axis accelerometer, a three-axis gyroscope and a 
three-axis magnetometer. The module comes with pre-installed firm
ware allowing communication with a smartphone via Bluetooth. To 
ensure greater stability and ease of use, the module was installed on a 
custom-designed printed circuit board (PCB). Given the low energy 
consumption of the internal sensor, it is powered by a common CR2032 
lithium primary cell.

The effect of the shell shape was investigated using two types of 
shells, cubic and spherical (Fig. 4). These shells were made of a selected 
resin and produced through stereolithography (SLA) 3D printing tech
nology. Temperature and stress resistances during compaction are 
ensured by the post-curing characteristics of the chosen resin (Table 4). 
Both shell types are reusable and ensure adequate Bluetooth commu
nication between sensor and smartphone. They were designed to repli
cate the size and behaviour of a coarse aggregate within the asphalt 
mixture, compatibly with the internal sensor hardware dimension. For 
this reason, the cubic shell features a side length of 31 mm, whereas the 
spherical one has a diameter of 35 mm. To enhance interlocking during 
the compaction process, spherical caps with a base radius of 2.2 mm and 

a height of 1 mm were randomly placed on the external surfaces of the 
shells. The difference in dimensions between the two shells is due to the 
need to maintain a minimum external thickness to meet mechanical 
requirements [28].

The ratio between sensor size and NMAS were 1.55, 1.94 and 4.92 for 
the cubic sensor and 1.75, 2.19 and 5.55 for the spherical sensor. The 
lowest and intermediate values correspond to the mixtures with NMAS 
of 20 and 16 mm and are consistent with those previously investigated 
in the literature (Table 1). The highest values correspond to the mixture 
with NMAS of 6.3 mm and may be useful for evaluating the effect of the 
ratio between sensor size and mixture NMAS.

Before starting all tests, the sensor auto-calibration procedure is 
performed, which aligns the z-axis of the local coordinate system 
(perpendicular to the plane of the PCB) with the direction of the accel
eration of gravity (global coordinate Z). During compaction, the 
particle-size sensor records accelerations, Euler angles, angular veloc
ities, and magnetic field data at a sampling rate of 10 Hz. The acquired 
Euler angles are expressed in the local coordinate system of the sensor 
(previously aligned to the global system through the auto-calibration 
procedure).

In the few seconds between the auto-calibration and the start of 
rotation, the sensor may move due to minor material rearrangement. For 
this reason, during post-processing, the Euler angles are re-transformed 
into the global coordinate system, as required by the ASTM D8541 
standard. This transformation is performed using quaternion-based 
rotation matrices derived from the initial quaternion data collected in 
the first six seconds, before the start of compaction.

To reduce noise and remove signal trend, the global Euler angle data 
collected during compaction are smoothed using a third-order Fourier 
polynomial. The fitted signals are then used to compute the Relative 
Rotation (RR), as defined in ASTM D8541 [6], which corresponds to the 
difference between the maximum and minimum values of each global 
Euler angle within a single compaction cycle.

The Relative Rotation Capacity (RRC) is then defined as the area 
under the RR curve from Ni to Nd: 

RRC =
∑Nd

i=Ni

(RRi+1 + RRi) • l
2

(1) 

where Ni denotes the initial number of gyrations; Nd is the design 
number of gyrations; RRi and RRi+1 represent the relative rotations at 
the ith and (i + 1)th gyration, respectively; l refers to the length of the x- 
axis unit (one compaction gyration). In this study, Ni was assumed equal 
to 8, consistently with the definition of the Compaction Energy Index 
(CEI) given below, whereas Nd corresponded to the total number of test 
gyrations (80).

The Average Residual Rotation (ARR) is calculated by comparing the 
relative rotations of two asphalt mixtures (test mixture versus control 
mixture). The residual rotation at a specific gyration cycle is the dif
ference between the relative rotations of the two mixtures at the cor

Fig. 4. Particle-size sensors: (a) cubic shell, (b) spherical shell.

Table 4 
Post-curing characteristics of the resin used for the external shells.

Property Value

Ultimate tensile strength [MPa] 65
Tensile modulus [GPa] 2.8
Flexural modulus [GPa] 2.2
Impact resistance (notched Izod test) [J/m] 25
Elongation at break [%] 6
Heat deflection temperature at 1.8 MPa [◦C] 58
Heat deflection temperature at 0.45 MPa [◦C] 73

Fig. 5. Definition of the Compaction Energy Index “CEI12”.
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Fig. 6. Measured and global Euler angles for the binder mixture (Compactor 1): (a) cubic shell (measured), (b) spherical shell (measured), (c) cubic shell (global), (d) spherical shell (global).
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responding gyration. ARR is the average value of the residual rotation 
from Ni to Nd: 

ARR =
∑Nd

i=Ni

(
RRt,i − RRc,i

)

Nd − Ni
• Q (2) 

where RRc,i and RRt,i are the relative rotations at the ith gyration for the 
control mixture and for the test mixture, respectively; Q is a coefficient 
for improving the sensitivity of the parameter (a scaling factor of 10 is 
suggested for conventional asphalt mixtures [6]). A positive value of 
ARR indicates that the test mixture is characterized by a more active 
particle rotation during compaction with respect to the control mixture, 
i.e., better workability. Vice versa, a negative value of ARR means that 
the test mixture has worse workability than the control mixture.

The air void percentage of the compacted specimens (Va) was 
calculated according to EN 12697–8 [29]: 

Va =
(ρm − ρb)

ρm
• 100 (3) 

where ρm is the maximum density of the mixture and ρb is the bulk 
density of the specimen. The latter was calculated following EN 12697–6 
[30] (geometric method) by subtracting the mass and the volume of the 
particle-size sensor: 

ρb =
m − mSensor

π
4 • d2 • h − VSensor

(4) 

where m is the mass of the dry compacted specimen, h is the height of the 
compacted specimen, d is the specimen diameter (150 mm), mSensor and 
VSensor are the mass and the volume of the particle-size sensor, respec
tively. Using this method, the open voids are included in the void con
tent calculation. However, this does not significantly affect the relative 
comparisons, as the same procedure was applied to all specimens.

A customized version of the well-known Compaction Energy Index 
(CEI) [31] was also used to better assess the workability of the asphalt 
mixtures. This customized index represents the area under the 
compaction curve from the 8th gyration until a compaction degree of 
88 % is reached (Fig. 5). The 88 % compaction degree was chosen, 
instead of the 92 % of the original CEI definition, because it was ach
ieved in all tests performed. As gyratory compaction curves tend to 
flatten at higher gyration levels, calculating the CEI using compaction 
degrees of 88 % or 92 % typically produces very similar results. Since 
this index quantifies the energy needed to achieve a 12 % air void 
content, it was referred to as “CEI12”.

3. Results and analysis

3.1. Effect of particle-size sensor geometry

As an example, Fig. 6 shows the measured and global Euler angles for 
a representative specimen of the binder mixture compacted using 
Compactor 1 (gyrations between 50 and 55). It is worth noting that, in 
all plots, the secondary axis (Euler angles in the z direction) has a 
different scale with respect to the main axis (Euler angles in the x and y 
directions). In fact, for both sensors, the Euler angles in the z direction 
show a sawtooth trend with a steady decrease from + 180◦ to − 180◦

that repeats cyclically every 2 s. This behaviour is related to the rotation 
of the entire system around its inclined axis in the case of Compactor 1 
(see Fig. 2). More specifically, for this compactor, the sensor data denote 
a constant angular velocity related to the z axis of − 180◦/s (AsZ in 
Fig. 7), which corresponds to the mould rotation speed of 30 rpm.

For both sensors, the Euler angles in the x and y directions present a 
cyclic trend, with a period corresponding to the duration of one gyration 
(i.e., 2 s). For a given shell geometry, the amplitude of the sinusoids in 
the x and y directions is comparable. However, the comparison of the 
two geometries highlights that the measured Euler angles related to 
spherical sensor (Fig. 6(b)) are one order of magnitude larger than those 
measured with the cubic sensor (Fig. 6(a)). In addition, Fig. 6(a) shows 
that the amplitude of the sinusoids in the x and y directions remains 
quite stable for the cubic sensor, whereas it varies for the spherical 
sensor (Fig. 6(b)). Figs. 6(c) and 6(d) show the same Euler angles 
transformed into the global coordinate system during post-processing 
phase. Since the alignment to the global coordinates was already per
formed before starting the tests (auto-calibration), the measured Euler 
angles and the Euler angles referred to the global system differ slightly. 
These preliminary observations indicate that the spherical sensor moves 
significantly more than the cubic one during compaction.

Fig. 8 shows the relative rotations at horizontal directions (global 
coordinate system) obtained from the spherical and cubic sensors for a 
representative specimen of each mixture (Compactor 1 data). Consis
tently with what observed in Fig. 6 in terms of Euler angles, in all cases 
the RR values obtained from the spherical sensor are about ten times 
greater than those obtained from the cubic sensor. Additionally, it is 
important to note that the data related to the cubic sensor aligns with 
previous studies using the same geometry [8,9,11,12,14], even though 
the compaction mechanism of Compactor 1 may differ compared to the 
compactors used in the cited studies. The tenfold increase in x- and 
y-axis rotations observed for the spherical sensor compared to the cubic 
one may be explained by considering the overall behaviour of the sen
sors. During compaction, specimen height decreases by about 40 mm, 
resulting in a vertical displacement of approximately 20 mm for a sensor 
positioned at mid-height. The sensors do not directly register this 

Fig. 7. Angular velocity measured with Compactor 1 for the binder mixture: (a) Cubic shell, (b) Spherical shell.
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vertical displacement; instead, the spherical one records rotations on the 
plane normal to the compaction axis of about ±10◦. This rotation 
amplitude corresponds to relative displacements along the mould axis of 
roughly ±3 mm at the sensor equator, which is consistent with the in
ternal rearrangement of the mixture. In contrast, the cubic sensor, 
despite experiencing a similar vertical displacement, measures rotations 
limited to 1–2◦, corresponding to relative axial displacements of about 
±0.5 mm. This behaviour is likely due to its flat faces constraining free 
rotation. Furthermore, significant differences can be observed in the 
curve shapes for the two shells. The relative rotation curves derived from 
the spherical shell exhibit a cyclic pattern, whereas those derived from 
the cubic one show a generally decreasing trend without any cyclic 
pattern. These results are a consequence of the behaviour observed in 
Fig. 6 (constant amplitude vs. varying amplitude of the Euler angles in 

the x and y directions for the cubic sensor and spherical sensor, 
respectively).

Fig. 9(a) displays the RRC values at horizontal directions, confirming 
that the spherical sensor rotates significantly more than the cubic one 
when the same asphalt mixture is considered. This suggests that the 
spherical shell better follows the movement of the coarse aggregates 
during compaction, whereas, for the cubic shell, the confining action of 
the surrounding aggregates appears to be more pronounced, probably 
due to its large flat faces. Consequently, the low RR values measured 
using the cubic sensor may be due primarily to its shape. Therefore, it is 
expected that the spherical sensor can better distinguish between mix
tures with good workability and mixtures with poor workability thanks 
to its greater freedom of movement.

The analysis of the air void content and CEI12 of the specimens 

Fig. 8. Relative Rotations: (a) wearing, (b) binder, (c) base.
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compacted with different sensors also reveals some differences (Fig. 9 
(b)). It should be noted that these parameters refer to the gyratory 
specimen as a whole, whereas the RRC values provided in Fig. 9(a) are 
derived from the data measured locally by the sensor. Fig. 9(b) shows 
that the air void content in the presence of the cubic sensor is approxi
mately 1 % higher than that of specimens compacted with the spherical 
sensor. Analogously, in terms of energy required to achieve the same 
level of compaction, the CEI12 values are always higher (worse work
ability) for the cubic sensor as compared to the spherical sensor for a 
given asphalt mixture (Fig. 9(b)). Therefore, it appears that the cubic 
sensor may hinder the compaction process in the surrounding volume by 

obstructing the movement of the adjacent aggregates, although this 
could not be verified in the present study. Future work could investigate 
this aspect in more detail using methods such as X-ray computed 
tomography.

The average residual rotation (ARR) values, calculated considering 
the cubic shell and the spherical shell as the control and test shell 
respectively, also confirm this finding. The ARR values range from 100 
in the case of the wearing course mixture to almost 250 in the case of the 
base mixture (Table 5), further highlighting that the spherical sensor 
rotates more than the cubic one during the compaction process.

It is noteworthy that, when using the spherical sensor, the RRC 
values are perfectly consistent with the air void content and CEI12 
values. In this case, as depicted in Fig. 10, an increase in the RRC value 
corresponds to a decrease in the CEI12 value, which denotes better 
workability. Conversely, in the case of the cubic sensor, Fig. 10 shows 
that there is no clear relation between RRC and compaction energy 
(CEI12 index).

Therefore, among the reproducible sensor geometries considered in 
this study, the spherical one should be preferred over the cubic one. 
These findings are particularly relevant, considering that most studies 
employ cubic sensors or sensors with an irregular shape, and could also 
justify a revision of the ASTM D8541 standard in terms of sensor 
geometry.

3.2. Effect of asphalt mixture type

The results presented in Fig. 9 suggest that, among the studied 
mixtures, the wearing course mixture has the worst workability, as 
denoted by low RRC and high CEI12 and air void content values. 
Conversely, the base mixture presents the highest RRC values and the 
lowest CEI12 and air void content, suggesting that its workability is 
better than that of the other two mixtures. These results can be mainly 
attributed to the aggregate gradation and NMAS of the mixtures. How
ever, the influence of the ratio between sensor size and mixture NMAS 
cannot be excluded. In fact, for the wearing course mixture, the aggre
gates may not be able to induce a significant movement of the sensor, 
whose presence may also alter the compaction process.

Fig. 9. Workability parameters: (a) Relative Rotation Capacity, (b) CEI12 and air void content.

Table 5 
Average Residual Rotation values: effect of the sensor geometry.

Control Shell Test Shell Average Residual Rotation (ARR)

Wearing Binder Base

X direction Y direction X direction Y direction X direction Y direction

Cubic Spherical 112 105 182 170 219 243

Fig. 10. Relative Rotation Capacity vs. CEI12.

Table 6 
Average Residual Rotation values: effect of the asphalt mixture type.

Control 
Mix

Test 
Mix

Average Residual Rotation (ARR)

Spherical shell Cubic shell

X 
direction

Y 
direction

X 
direction

Y 
direction

Wearing Binder 86 68 16 3
Wearing Base 120 126 14 -11
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To better compare the three asphalt mixtures, Table 6 shows the ARR 
values calculated by taking the wearing course mixture as the control 
mix. If the spherical sensor is considered, the data indicate that both the 
binder and the base mixtures have better workability than wearing 
course mixture (positive ARR values), with the highest ARR values 
observed for the base mixture. Instead, in the case of the cubic sensor, 
the absolute ARR values are low, and a negative ARR value is also 
observed in the y direction when comparing the wearing course mixture 
(control mix) with the base mixture (test mix). These findings further 
confirm that the low relative rotations experienced by the cubic sensor 
during the compaction may not allow to discriminate asphalt mixtures 
with different workability.

3.3. Effect of the gyratory compactor

The cubic sensor measurements were also used to compare the 

compaction mechanisms of the two gyratory compactors. Fig. 11 shows 
the measured Euler angles for the two compactors considering a repre
sentative specimen of the binder mixture. Similarly to Fig. 6, the Euler 
angles in the z direction are reported on the secondary axis, with a 
different scale.

It can be observed that, for Compactor 2, the measured Euler angles 
in the three directions all present a cyclic trend with comparable am
plitudes (a few degrees). For Compactor 1, the Euler angles in the x and y 
directions show a cyclic evolution with amplitudes comparable to 
Compactor 2, whereas the Euler angles in the z direction are charac
terized by the previously highlighted sawtooth trend with values be
tween − 180◦ and + 180◦, which is due to the rotation of the entire 
system around its inclined axis (Section 3.1). Fig. 12 shows the angular 
velocity measured in three directions by the cubic sensor for the binder 
mixture in the case of Compactor 1 (Fig. 12(a)) and Compactor 2 (Fig. 12
(b)). As already observed in Fig. 7, the angular velocity related to the z 
axis (AsZ) is constant and equal to − 180◦/s for Compactor 1 (mould 
rotation speed of 30 rpm). On the contrary, for Compactor 2, the values 
of the angular velocity related to the z axis are comparable to those 
observed in the x and y directions (thus, the three angular velocities are 
represented on the same axis in Fig. 12(b)).

The workability parameters obtained for the two gyratory compac
tors are summarized in Table 7. It can be observed that the air void 
content at the end of the compaction process is basically the same 
(11.3 % for Compactor 1 vs. 10.8 % for Compactor 2). However, the 

Fig. 11. Euler angles measured by the cubic sensor for the binder mixture: (a) Compactor 1, (b) Compactor 2.

Fig. 12. Angular velocity measured by the cubic sensor for the binder mixture: (a) Compactor 1, (b) Compactor 2.

Table 7 
Workability parameters for Compactor 1 and Compactor 2.

Mixture/ 
Shell

Gyratory 
Compactor

Air voids 
[%]

RRCx RRCy CEI12

Binder/ 
Cubic shell

1 11.3 238 178 162
2 10.8 128 78 117
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RRC values at horizontal directions and the CEI12 value are higher for 
Compactor 1, suggesting a possible influence of the compaction mech
anism. Additional tests employing the spherical sensor are already 
planned in order to draw a solid conclusion on this aspect.

4. Conclusions

The objective of this study was to compare particle-size sensors of 
different geometry, in order to verify their behaviour during compaction 
and their ability to analyse the workability parameters of asphalt mix
tures. To this aim, two easily reproducible sensor geometries (cubic, 
spherical) and three asphalt mixtures with different characteristics (e.g., 
NMAS) were investigated in the laboratory. Moreover, the study 
employed two gyratory compactors with different compaction mecha
nisms to provide a preliminary analysis of the gyratory compactor 
influence.

The experimental results led to the following main conclusions: 

• The particle-size sensor geometry affects its measurements: relative 
rotation values obtained from the spherical sensor are about ten 
times greater than those obtained from the cubic sensor. The 
spherical sensor better follows the movement of the aggregates 
during compaction, whereas the confining action of the surrounding 
aggregates appears to be more pronounced in the case of the cubic 
sensor because of its flat faces. Therefore, the spherical sensor may 
be more sensitive to workability variations. In addition, specimens 
compacted using the cubic sensor exhibit an air void content 
approximately 1 % greater than those compacted with the spherical 
sensor. Therefore, it can be deduced that the cubic sensor could 
hinder the compaction process in the surrounding mixture volume by 
impeding the movement of the adjacent aggregates (this aspect could 
be validated in future studies using methods such as X-ray computed 
tomography). These findings could lay the foundations for a revision 
of the reference ASTM D8541 standard in terms of sensor geometry.

• The spherical sensor made it possible to observe significant differ
ences between the three asphalt mixtures, which can be mainly 
attributed to the different NMAS and gradation of the mixtures. The 
base mixture exhibits RRC values twice as high as those of the 
wearing mixture in the case of spherical shell, while its CEI values are 
ten times lower. However, the potential influence of the ratio be
tween sensor size and mixture NMAS cannot be entirely excluded. 
Therefore, further tests are necessary to verify this point.

• The different compaction mechanism of the gyratory compactors 
used had a measurable influence on the workability parameters. 
However, additional tests with the spherical sensor are needed to 
draw definitive conclusions on this aspect.

In conclusion, particle-size sensors can provide a direct, real-time 
measurement of internal mixture rearrangements during compaction, 
complementing conventional bulk indicators such as density or CEI. 
Selecting the appropriate sensor geometry may play a crucial role in 
assessing workability parameters (such as RR, RRC, ARR), thereby 
guiding the optimisation of mix design during laboratory testing.

Future studies will evaluate the effects of the compaction tempera
ture and the use of warm mix asphalt technologies, the laboratory 
compaction with the roller compactor, and the possible field application 
of the developed particle-size sensors.
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