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A B S T R A C T

Compaction is a critical phase in pavement construction, directly influencing early performance and long‑term 
durability. While field procedures aim to achieve target density levels, laboratory methods still struggle to fully 
replicate field compaction mechanisms. Although particle‑size sensors have recently been standardized for gy
ratory compaction through ASTM D8541, the reliability of the associated workability parameters remains un
certain due to machine‑specific mold kinematics. The first objective of this study is therefore to assess the 
consistency and interpretability of ASTM D8541 workability parameters. A second objective is to explore the 
feasibility of applying particle‑size sensors in roller compaction, where no established framework currently 
exists. To address these aims, two gyratory compactors, one roller compactor, three asphalt mixtures, an un
bound granular material, and two sensor geometries were investigated to characterize particle motion under 
laboratory compaction. Results show that ASTM D8541 parameters are affected by rigid mold movement, leading 
to inconsistent outcomes across gyratory machines and indicating the need for compactor‑specific calibration. A 
new parameter, M‑S RRC, is introduced to quantify the relative motion between mold and sensor, providing an 
improved and locally measured indicator of compaction effort; in gyratory compaction, it exhibits a favourable 
indicative trend with the Compaction Energy Index (CEI). Finally, roller compaction tests demonstrate that 
spherical sensors are more sensitive than cubic ones to variations in mixture workability, supporting their 
preferential use for detecting subtle differences in compaction behavior.

1. Introduction

The compaction process of asphalt mixtures is a critical phase in road 
pavement construction, requiring careful attention to ensure adequate 
performance, as the resulting compaction state strongly influences 
subsequent pavement deformation and rutting behaviour. Over the 
years, field compaction equipment has been developed to apply dynamic 
and static loads for the achievement of the target density level. At the 
same time, various laboratory methods have been introduced to repli
cate, or at least correlate with, the mechanisms occurring during field 
compaction [1]. Laboratory equipment employed to study the asphalt 
compaction process includes the Marshall impact compactor, the gyra
tory compactor, and the roller compactor (pneumatic tyre, steel roller or 
sliding plates) [2]. Several studies have shown that gyratory compaction 
is the method that best reproduces the internal structure typically 
observed in pavement cores [3,4]. Other studies have found that rolling 

pneumatic tyre compaction can replicate the kneading action of field 
pneumatic-tyre rollers, while Marshall compaction appears to simulate 
the vibrating effects observed with field vibratory rollers [5]. Moreover, 
roller compaction is recognized as the laboratory method that best re
produces the field compaction mechanism [6]. However, none of these 
methods fully reproduce field compaction, as confirmed by the differ
ences often observed between field cores and laboratory-compacted 
specimens [7]. Understanding the relationship between laboratory and 
field compaction is therefore critical for improving consistency between 
the two, ultimately enhancing both pavement quality control and the 
reliability of laboratory tests.

For a better understanding of the compaction mechanisms and the 
workability of asphalt mixtures, various intelligent compaction tech
niques have been introduced [8–10]. One of the most recent solutions is 
based on the use of particle-size sensors, which consist of an external 
shell and an internal wireless module capable of measuring acceleration, 
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rotation, and temperature, with the collected data transmitted in real 
time to a digital device via Bluetooth. The acceleration and rotation data 
are the ones of most interest in asphalt mixtures workability evaluation, 
whereas temperature remains a less used parameter because tempera
ture is a controlled variable in laboratory testing. In addition, the tem
perature measured by the sensor is affected by the presence of the 
external shell, which makes the measurements lag behind the actual 
temperature of the mixture due to the time necessary for heat transfer 
[11]. The external shell of the sensor is typically produced by a 3D 
printer using a high-temperature-resistant, high-strength thermoplastic 
polymer, such as acrylonitrile butadiene styrene (ABS) with nylon, 
which was found to have good compatibility with asphalt materials 
[12].

In the field of civil engineering, these sensors were first applied to 
track the movement of railway ballast particles [13,14]. This technology 
was then employed in asphalt mixture research to investigate the ki
nematics of coarse aggregate particles during gyratory compaction [12]. 
Recognizing the particle-size sensors’ effectiveness in characterizing 
asphalt mixture compaction, their use was standardized for pavement 
engineering applications by ASTM D8541 [15].

Although the ASTM D8541 standard suggests the use of 27 mm cubic 
sensors, studies in this field have also employed other sensor geometries, 
such as parallelepiped [16], spherical [17,18] or irregular shapes 
[19–21] to better simulate, in this latter case, the shape of a real coarse 
aggregate. Another important aspect is the sensor nominal size and the 
ratio between sensor nominal size and nominal maximum aggregate size 
(NMAS) of the asphalt mixture. A recent analysis of the literature [18] 
has shown that particle-size sensors with different nominal sizes have 
been used in laboratory experiments with gyratory compactors, with 
typical values of the ratio between sensor size and mixture NMAS 
ranging from 1 to 3. In general, this ratio can affect the measurements, as 
excessively high values may prevent the surrounding aggregates from 
inducing significant sensor movement and may even cause the sensor 
itself to partially compromise the local compaction degree.

Particle-size sensors were employed to investigate the impact of 
compaction temperature and Warm Mix Asphalt additives on mixture 
workability [22,23], and to analyze the effect of aggregate size and 
gradation [24]. They were also proposed for evaluating compaction of 
cold recycled mixtures [25] and unbound materials used in base layers 
[26,27]. Other studies [17,18] also correlated the workability parame
ters obtained from particle–size sensors with the compaction energy 
index (CEI) [28]. In one study, particle–size sensors were also embedded 
in slabs compacted with a roller pneumatic tyre compactor [5], 
revealing that this compactor exerted a more pronounced kneading 
action on the asphalt mixture than that observed in gyratory 
compaction.

The literature review shows that several studies have employed 
particle-size sensors during laboratory compaction. However, since 
laboratory compaction devices are inherently dynamic systems, their 
operation involves movements of the mold, and none of these studies 
have investigated in detail how such movements may influence sensor 
measurements. Similarly, the ASTM D8541 standard focuses on inter
preting the motion of a particle-size sensor embedded within the gyra
tory compactor mold, assuming that the recorded signal reflects only the 
internal kinematics of the asphalt mixture. However, this assumption 
neglects the fact that the mold itself undergoes a rigid-body motion 
during compaction. As a consequence, the sensor output may be influ
enced by both the internal particle-size sensor movement and the rigid 
motion of the mold. Prior studies have shown that, even when two 
compactors conform to the same standard, differences in their 
compaction mechanisms can significantly influence the sensor mea
surements [18]. This highlights the importance of considering machine- 
specific characteristics when interpreting sensor data and comparing 
results across laboratories.

On the other hand, the application of particle-size sensors in labo
ratory roller compaction has not been thoroughly explored and 

standardized. Although both gyratory compactor and roller compactor 
are designed for laboratory compaction of asphalt mixtures, their 
operating principles differ substantially. As a result, combining labora
tory roller compaction with embedded particle-size sensors requires 
further investigation to ensure reliable measurements. Moreover, since 
roller compaction is the laboratory method that best reproduces the field 
compaction mechanism, a deeper investigation of particle-size sensors 
could offer valuable insights into field compaction processes as well.

Overall, the literature reveals several unresolved gaps: the influence 
of mold kinematics on ASTM D8541 workability parameters has not 
been systematically assessed; the extent to which sensor measurements 
reflect true aggregate motion versus rigid mold movement remains un
clear; and the application of particle‑size sensors in laboratory roller 
compaction lacks an established methodological framework.

Based on these considerations, the first objective of this study is to 
provide a critical assessment of the ASTM D8541 workability parame
ters for the gyratory compactor, examining whether they can be 
consistently applied across different gyratory compactor models and 
how mold kinematics affect their interpretation. The second objective is 
to explore the feasibility of applying particle‑size sensors in laboratory 
steel‑roller compaction, where no consolidated framework currently 
exists. To pursue these aims, two gyratory compactors, one steel roller 
compactor, three asphalt mixtures, an unbound granular material, and 
two sensor geometries (spherical and cubic) were considered. A novel 
workability parameter is introduced to overcome the limitations of the 
existing ASTM D8541 indices and to provide a locally measured indi
cator of compaction behaviour.

2. Materials and methods

2.1. Asphalt mixtures and unbound granular material

The experimental program included the investigation of a dense- 
graded base course (DGBC), a dense-graded friction course (DGFC) 
and an open-graded friction course (OGFC). They were selected to 
represent a range of gradations, binder contents, and reclaimed asphalt 
pavement (RAP) contents (Fig. 1 and Table 1). All mixtures were pro
duced at the asphalt plant and re-heated in the laboratory for three hours 
at the compaction temperature of 160 ◦C. The DGBC and OGFC mixtures 
were produced with a polymer–modified bitumen (PMB), containing 
about 4% of SBS (styrene–butadiene–styrene) radial polymers, whereas 
the DGFC mixture contains 50/70 neat bitumen. An unbound granular 
material, with the same particle size gradation of OGFC, was also 
included in the experimental program to investigate the influence of 
temperature and material type on the rigid movement of the mold.

2.2. Particle-size sensors

The particle-size sensors consist of an internal measurement unit 
housed within a protective external shell. The internal unit is based on 
the WT901BLE multi–sensor module by WitMotion, which integrates the 
MPU9250 MEMS system combining a three–axis accelerometer, a 
three–axis gyroscope, a three–axis magnetometer and a temperature 
sensor. This module can record accelerations, angular velocity, angles, 
magnetic field and temperature at sampling frequencies up to 50 Hz. It is 
supplied with factory firmware that enables communication with either 
a computer or a smartphone through Bluetooth. For improved robust
ness and handling, the WT901BLE module was mounted on a custom
–designed printed circuit board. Thanks to its low power demand, the 
system was powered by a CR2032 lithium primary cell.

The module has a local reference system (x, y, z), based on which it 
provides measured parameters. However, as suggested by the ASTM 
D8541 standard, the parameters must be converted to the global refer
ence system (X, Y, Z) characterized by a vertical Z-axis before pro
ceeding with workability analyses.

The sensor can operate using a 6-axis algorithm or, alternatively, a 9- 
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axis algorithm configuration. In the 6-axis setup, the z-angle is mainly 
calculated based on the angular velocity integral, whereas, in the 9-axis 
setup, the z-angle is calculated based on the Earth’s magnetic field. Since 
the sensor is inserted inside a steel mold during compaction, there is 
significant magnetic field interference in the installation environment. 
For this reason, the sensor was configured to operate with the 6–axis 
algorithm to obtain a more accurate z-angle.

Two alternative external shells, a spherical and a cubic version, were 

developed for the device (Fig. 2). The spherical shell, with a diameter of 
35 mm, is composed of two halves joined through four tongue
–and–groove connectors, whereas the cubic shell, with a side length of 
31 mm, is assembled using four screws. These shells were made of a 
selected resin and produced through stereolithography 3D printing 
technology. The external surfaces of the shells are covered with spher
ical caps with a base radius of 2.2 mm and a height of 1 mm, in order to 
enhance interlocking during the compaction process. Both casings are 
reusable and were designed to fulfill three main functions: to replicate 
the size and behavior of a coarse aggregate within the asphalt mixture, 
to protect the sensor from the temperatures and stresses applied during 
the compaction process, and to ensure adequate Bluetooth communi
cation between sensor and smartphone [17,18].

The ratios between the nominal sensor size and the NMAS of the 
DGBC, DGFC, and OGFC mixtures are 1.8, 4.4, and 2.5 for the spherical 
sensor, and 1.6, 3.9, and 2.2 for the cubic sensor, respectively. The DGFC 
mixture was specifically selected for its fine aggregate gradation to 
assess the effect of a high ratio between sensor size and mixture NMAS 
on the sensor measurements. Fig. 3 shows that the coarse aggregates of 
the DGBC mixture are fully comparable in size to the spherical sensor 
(and thus to both shells), making the use of the developed sensors 
entirely appropriate and consistent with the material’s aggregate scale.

Prior to each test, sensor auto-calibration [18] is performed to ensure 

Fig. 1. Gradation curve of the studied asphalt mixtures.

Table 1 
Characteristics of the studied asphalt mixtures.

Mixture Binder 
type

Binder (by 
aggregate 
weight) [%]

RAP (by 
aggregate 
weight) [%]

NMAS 
[mm]

Dense-graded 
base course 
(DGBC)

PMB 45/ 
80–70

4.4 30 20

Dense-graded 
friction course 
(DGFC)

50/70 
pen

5.2 − 8

Open-graded 
friction course 
(OGFC)

PMB 45/ 
80–70

5.4 25 14

Fig. 2. Particle-size sensors: (a) spherical; (b) cubic.
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a clearer and more readily interpretable output. The auto-calibration 
procedure aligns the local reference system of the sensor with the 
global reference system. This alignment enables the acquisition process 
to begin from a null kinematic configuration, meaning that all three 
Euler angles are initialized to zero at the start of the test, thereby 
allowing the recorded data to reflect the motion generated by the sensor 
during the compaction process, with reference to the global system. 
However, in the few seconds between the auto–calibration and the start 
of the compaction, the sensor may move due to minor material rear
rangement. For this reason, during post–processing, the Euler angles are 
re–converted to the global coordinate system using quaternion–based 
rotation matrices derived from the data collected in the short interval 
between the sensor auto-calibration and the beginning of compaction.

ASTM D8541 has defined procedures to evaluate the workability of 
asphalt mixtures during gyratory compaction by means of relative ro
tations (RR) measured by particle-size sensors. The relative rotation at a 
specific cycle is defined as the difference between the peak and valley 
value of the Euler angle in the global coordinate system (Fig. 4a). The 
ASTM standard suggests averaging the relative rotations at horizontal X- 
and Y-directions for workability analysis.

The relative rotation capacity (RRC) is then calculated as the area 
under the average RR curve (RRX-Y) (Fig. 4b): 

RRC =
∑Nd

i=Ni

(RRi+1 + RRi) • l
2

(1) 

where Ni is 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 x-axis unit (one 

compaction cycle). According to ASTM D8541, a higher value of RRC 
denotes a more active particle rotation and thus better workability.

2.3. Gyratory compaction

Gyratory compaction is characterized by the simultaneous applica
tion of static axial compression and shear stresses to the mixture. The 
equipment models used in this study are B100B92 by Tecnotest 
(compactor A) and Gyrocomp by IPC GLOBAL (compactor B) (Fig. 5). 
They both operate following the test conditions defined by the EN 
12697-31 [29] standard: rotational speed of 30 rpm, vertical pressure of 
600 kPa, external angle of inclination of 1.25◦. However, the two gy
ratory compactors are characterized by different working mechanisms. 
Gyratory compactor A (Fig. 6a) induces compaction through a rigid 
circular motion of the bottom surface of the mold, which generates a 
conical surface of revolution, whereas gyratory compactor B (Fig. 6b) is 
characterized by the rotation of the entire system (mold, specimen and 
loading plates) around its inclined axis. In both cases, the top and bot
tom surfaces of the specimen remain perpendicular to the vertical axis, 
even if the mold axis is tilted.

The experimental tests conducted using gyratory compactors 
included an initial investigation of the influence of the equipment type 
on the measured workability parameters. In particular, the mold 
movement of the gyratory compactors was investigated by placing a 
sensor to the external surface of the mold during compaction (Fig. 5). 
The sensor was positioned so as not to interfere with the contact points 
between the mold and the equipment: in gyratory compactor A it was 
mounted near the base of the mold, whereas in gyratory compactor B it 
was mounted at mid–height. According to rigid-body kinematics, all 
points of a rigid body undergo the same angular displacement, angular 
velocity, and angular acceleration during rotation; therefore, the spe
cific location of the external sensor does not influence the angular 
measurements being investigated. The mold movement was examined 
with two materials. First, 3900 g of OGFC were compacted at 160 ◦C, 
then 3000 g of unbound granular material were compacted at 20 ◦C. 
These contrasting configurations were selected to explore whether var
iables such as temperature, material mass, and material type could in
fluence the rigid movement of the mold. Each condition was evaluated 
through two replicate compaction tests.

After the analysis of the mold motion, the workability of the three 
asphalt mixtures (Table 1) was evaluated with embedded spherical 
particle-size sensor using gyratory compactor A. The spherical sensor 
(Fig. 2a) was inserted at mid-depth position in the 150 mm mold, as this 
is the optimal position for observing the aggregate movement [12,13]. 
All compaction tests were performed up to 100 gyrations. The mass of 

Fig. 3. Comparison between the spherical sensor and coarse aggregates from 
the DGBC mixture.

Fig. 4. ASTM D8541 workability parameters: (a) Euler angles at horizontal directions (global reference system); (b) Relative rotations (RR).
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the specimens was determined to obtain an approximate height of 
115 mm for all mixtures, resulting in a mass equal to 4800 g for the 
DGBC mixture, 5000 g for the DGFC mixture, and 3900 g for the OGFC 
mixture. As suggested by ASTM D8541, approximately half of the 
mixture was placed into the 150 mm mold, previously kept in the oven 
for at least 45 min at the compaction temperature of 160 ◦C, trying to 
create a flat surface, and the sensor was placed in the center with its z- 
axis aligned with the vertical direction. The remaining material was 
finally poured into the mold.

The air void content of the compacted specimens was calculated 
based on EN 12697-8 [30]. The bulk density was calculated based on EN 
12697-6 [31] (by dimensions), by subtracting the mass and the volume 
of the particle-size sensor from those of the mixture.

The compaction energy index (CEI) was also calculated. CEI is 
defined as the area under the compaction curve from the 8th gyration 
until a compaction degree of 92% for dense–graded mixtures [28] and 
80% for open–graded mixture [32], with high CEI values indicating low 
mixture workability and vice versa.

Regarding the RRC parameter proposed by ASTM D8541 (Eq. (1)), 
consistently with the definition of CEI, Ni was assumed to be equal to 8, 
while Nd was taken as the number of gyrations corresponding to a 
compaction degree of 92% for dense-graded mixtures and 80% for the 
open-graded mixture.

2.4. Roller compaction

The steel roller compactor consists of a parallelepiped steel mold that 

moves back and forth, and a steel roller. The compaction process was 
performed with Roller sector compactor 30 kN by Infratest (Fig. 7), 
based on EN 12697-33 [33]. The steel roller, characterized by a segment 
radius of 550 mm, applies a variable load during compaction (Fig. 8). 
Following the height-controlled procedure, compaction begins with a 
first phase at height control, after which the load is reduced to zero. 
Then, the main compaction phase begins, consisting of the initial 
levelling of the mixture followed by the actual compaction under height 
control, until the target height is reached. A target height of 100 mm was 
fixed to ensure adequate thickness both above and below the sensor, in 
order to prevent its damage and to achieve a slab thickness of at least 3 
times the size of the sensor shell.

The movement of the mold was investigated by placing a sensor to its 
external surface, close to the base (Fig. 9). The mold was filled with 
22900 g of OGFC at 160 ◦C or with 15000 g of unbound granular ma
terial at 20 ◦C, for the same reasons described for the gyratory 
compactor (Section 2.3).

After the analysis of the mold motion, the three asphalt mixtures 
(Table 1) were compacted with both spherical and cubic particle-size 
sensors embedded and placed exactly at the center of the slabs [5]. 
This allowed to limit the stress transmitted to the sensor and thus 
ensured its reusability. Fig. 10 shows the preparation of the slabs. First, 
half of the material was poured into the mold, trying to achieve an even 
surface. The sensor was placed at the center with its z-axis aligned with 
the vertical direction and the x-axis corresponding to the compaction 
direction. Finally, the remaining material was poured. As for gyratory 
compaction procedure, sensor auto-calibration was performed before 
starting the roller compaction.

Slabs measuring 400 mm (length, L1) × 300 mm (width, 
L2) × 100 mm (height, h) were compacted by setting a target height 
corresponding to an air void content of 8% for the DGBC mixture, 10% 
for the DGFC mixture and 24% for the OGFC mixture. For all mixtures, a 
load lower than 20 kN was applied during compaction. Such load levels 
prevented any damage to the sensors, thus allowing their reuse in sub
sequent compaction tests. The air void content of the compacted slabs 
was calculated determining bulk density by dimensions by subtracting 
the mass and the volume of the particle-size sensor from those of the 
mixture.

Since the roller compaction process is cyclic, it is possible to deter
mine the corresponding relative rotation related to horizontal directions 
(RRX, RRY) using the same approach described by ASTM D8541 for 
gyratory compaction. A cycle is defined as a rolling passage (back and 
forth movement of the steel roller). Consequently, it is also possible to 
calculate the RRC parameter using Eq. (1) and assuming that RRi is the 
relative rotation at ith rolling passage, RRi+1 is the relative rotation at 
(i + 1)th rolling passage, l refers to the x-axis unit (one rolling passage), 

Fig. 5. Gyratory compactors and positioning of the sensor on the external surface of the gyratory molds: (a) Gyratory compactor A; (b) Gyratory compactor B.

Fig. 6. Gyratory compactor mechanism: (a) Gyratory compactor A, (b) Gyra
tory compactor B.
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Ni is the first effective rolling passage (see Section 3.4), Nd is the total 
number of rolling passages until the target height of 100 mm is reached.

2.5. Experimental program

The experimental program (Table 2) involved the mold motion 
investigation of the two gyratory compactors and the roller compactor 
using two different materials (OGFC and unbound granular material). 
The workability of the three asphalt mixtures (Table 1) was studied 
using gyratory compactor A with the spherical sensor embedded and 
using the roller compactor with both spherical and cubic sensors 
embedded. Two replicate specimens were considered for each 
combination.

Hereafter, the specimens are coded according to a 3-part nomen
clature, such as “DGBC_RC_S1”, where the first part indicates the 
mixture type (DGBC, DGFC or OGFC), the second part indicates the 
compaction method (“RC” for roller compaction or “GC” for gyratory 
compaction) and the last part indicates sensor shell geometry (“S” for 
spherical, “C” for cubic) and the replicate specimen number.

3. Results and analysis

3.1. Gyratory mold motion

Fig. 11 and Fig. 12 illustrate the Euler angles and the corresponding 
relative rotations (RR) recorded by the sensor placed outside the mold, 
containing different materials (OGFC at 160 ◦C and unbound granular 
material at 20 ◦C), for gyratory compactor A and gyratory compactor B, 
respectively. It is possible to observe that the Euler angles recorded for 
the same gyratory compactor but with different materials exhibit iden
tical trends. The vertical shift among the Euler angle curves is due to the 
initial test configuration, specifically the position of the sensor on the 
mold. In fact, when the gyratory compaction test begins, the gyratory 
angle is applied to the mold. This initial application of the gyratory angle 
occurs along a defined direction. Therefore, if the sensor is not posi
tioned in exactly the same position in repeated tests, the initial appli
cation of the gyratory angle produces a slightly different initial rotation 
of the sensor each time. This effect is the cause of the vertical shift 
observed among the Euler angle curves. The relative rotations remain 
constant when considering the same gyratory compactor, whereas dif
ferences are observed when comparing gyratory compactors A and B. In 
summary, the relative rotation associated with the rigid-body movement 
of the gyratory mold can be considered as a property of the equipment, 
as it was not affected by temperature, material mass, or material type.

Theoretically, the RR value should be two times the external gyra
tory angle (1.25◦ based on EN 12697-31 [29]). Differences between 
what was measured (2.35◦ and 3.00◦ for gyratory compactors A and B, 

Fig. 7. Roller compactor by Infratest.

Fig. 8. Roller compaction load following height-controlled procedure.

Fig. 9. Positioning of the sensor on the external surface of the roller steel mold.
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respectively) and what was expected to be measured (2.50◦) could be 
caused by the different working mechanisms of the equipment (Fig. 6), 
but it could be also related to their calibration. Fig. 11 and Fig. 12
additionally report the variances associated with the RR measurements, 
which arise from sensor calibration, Bluetooth transmission, sensor drift, 
and intrinsic MEMS measurement accuracy.

Rigid movement of the mold can vary depending on the compactor 
mechanism. Therefore, the workability parameters proposed by ASTM 
D8541 cannot be uniformly applied across machines. Since the 
computation of RRC involves placing the sensor inside the mold (i.e., in 
a dynamic environment), its motion and thus the calculated RRC value 
must be corrected by subtracting a fixed amount corresponding pre
cisely to the rigid movement of the mold. Therefore, initial calibration 
tests are required to characterize and thoroughly consider the specific 
mold motion. These observations suggest that ASTM D8541 should 
include machine‑specific recommendations depending on the gyratory 
compactor model employed.

3.2. Gyratory compactor results

Fig. 13 illustrates the gyratory compaction curves and the Nd values 
obtained for the three asphalt mixtures, each evaluated through two 
replicate specimens. A comparison between the dense–graded mixtures 
shows that DGFC exhibits better compaction from the very beginning, 
ultimately achieving a lower final air void content than DGBC. Table 3

reports the air void content of the gyratory‑compacted specimens at 100 
gyrations. When comparing the dense‑graded mixtures, the DGFC 
mixture shows lower Nd and air void values than DGBC, confirming its 
higher compactability under identical compaction conditions.

Fig. 14 illustrates relative rotations at horizontal directions (RRX, 
RRY) and their average (RRX-Y) obtained with gyratory compactor A and 
the spherical sensor. The graphs also show the RRmold value (2.35◦) 
recorded for gyratory compactor A (Fig. 11). It is noteworthy that the 
RRX-Y values are always lower than the RRmold value, associated with the 
movement of the mold. In addition, after a certain number of gyrations, 
RRX-Y approaches the RRmold value, suggesting that, for high levels of 
compaction, RRX-Y would converge exactly to RRmold. In the hypothetical 
situation of a perfectly compacted mixture, RRX-Y should be equal to 
RRmold.

Fig. 15a shows the RRC values at horizontal directions (RRCX and 
RRCY) for the DGBC, DGFC and OGFC mixtures. The observed differ
ences among the two directions are likely caused by the heterogeneity of 
the mixture and, in particular, by the material surrounding the sensor. 
For example, the presence of coarse particles near the sensor may hinder 
motion in that direction but not in the others. According to ASTM 
D8541, the RRC values averaged over the horizontal directions should 
be used to evaluate mixture workability. Since higher RRC values should 
indicate greater aggregate mobility and therefore good workability, the 
results would suggest that the DGBC mixture exhibits better workability 
than the DGFC mixture.

Fig. 15b shows the CEI values for all tests performed. It can be 
observed that CEI values are similar across tests performed on the same 
mixture. Moreover, this parameter appears to differentiate between the 
two mixture types. Since lower CEI values indicate better workability, 
the results suggest that the DGFC mixture exhibits better workability 
than the DGBC mixture, probably due to the different NMAS value of the 
two mixtures (see Table 1). In fact, the DGFC mixture is a very fine 
mixture (NMAS = 8 mm), which achieves 92% degree of compaction at a 
lower number of gyrations than the DGBC mixture (Fig. 13) and thus 
does not require very high compaction energy. Instead, the CEI defini
tion for open–graded mixtures is different, as the CEI index considers the 
compaction process up to an air void content of 8% for dense-graded 
mixtures and 20% for open-graded mixtures. Therefore, the results ob
tained for the OGFC mixture are not directly comparable to those of the 
other mixtures.

Fig. 10. Slab preparation and sensor orientation in roller compaction tests with embedded sensor.

Table 2 
Experimental program.

Gyratory 
compactor A

Gyratory 
compactor B

Roller 
compactor

Mold motion 
investigation

Х Х Х

Three asphalt 
mixtures 
+

Spherical sensor

Х ​ Х

Three asphalt 
mixtures 
+

Cubic sensor

​ ​ Х
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Fig. 11. Euler angles at horizontal directions and relative rotations measured by external sensors for gyratory compactor A and different materials: (a) OGFC 
mixture, (b) Unbound granular material.

Fig. 12. Euler angles at horizontal directions and relative rotations measured by external sensors for gyratory compactor B and different materials: (a) OGFC mixture, 
(b) unbound granular material.
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The RRC values averaged over the horizontal directions for the 
dense-graded mixtures are compared with the CEI values in Fig. 16. 
There appears to be direct proportionality between the two parameters. 
As outlined above, this behaviour contradicts the meaning attributed to 
each parameter, as high RRC values, indicating good workability, 
correspond to high CEI values, indicating poor workability. This 
inconsistency raises questions about the data interpretation proposed by 
the ASTM D8541 standard, also because the results shown in Fig. 11 and 
Fig. 12 indicate that the motion of the mold: a) is not the same for 
different compactors and b) affects the RRC value.

Based on the previous observations, the mixture movement during 
gyratory compaction and the forces acting on it were re-evaluated. 
Fig. 17 schematizes the forces exerted on the mixture during compaction 
[34]. The gyration angle (δ) causes a nonuniform distribution of pres
sure on the top and bottom plates of the mold [35]. The resultant (V) of 
the vertical pressure is therefore misaligned by an eccentricity (e). This 
generates a shear force (Fg), affected by tangential forces (F), that pro
duces a tilting moment (M = V •2•e) on the specimen, acting in the 
direction opposite to δ. Therefore, the rotation induced by M is partially 
compensated by the rotation associated with the rigid-body motion of 
the mold. This interaction occurs cyclically in radial direction during 
compaction.

Therefore, to evaluate the actual relative motion between the mold 
and the sensor, it is necessary to define a novel workability parameter 
able to take into account that the rotations caused by the tilting moment 
and those induced by the rigid motion of the mold have opposite signs. 
This novel parameter, called Mold-Sensor Relative Rotation Capacity 
(M− S RRC), is defined as the area between the RRmold and RRX-Y curves, 
as follows: 

M − S RRC =
∑Nd

i=Ni

⃒
⃒
⃒
⃒
(RRx − yi+1 + RRx − yi)

2
− RRmold

⃒
⃒
⃒
⃒ • l (2) 

where RRx − yi is the average relative rotation of the compacted asphalt 
mixture at ith gyration, RRx − yi+1 is the average relative rotation of the 
compacted asphalt mixture at (i + 1)th gyration, RRmold is the relative 
rotation of the rigid motion of the mold (2.35◦ for gyratory compactor A, 
see Fig. 11), l is the length of the x-axis unit (one compaction gyration). 
As explained in Section 2.3, Ni was assumed equal to 8, whereas Nd 
corresponded to the number of gyrations associated with a compaction 
degree of 92% for dense-graded mixtures and 80% for the open-graded 
mixture, consistently with the CEI definition (see Fig. 13).

Fig. 18 shows how the RRC and M− S RRC values for all mixtures are 
determined. The figure suggests that high RRC merely indicates that the 
sensor moves as the mold, without any actual relative mold-sensor 
motion. On the other hand, high sensor mobility is well represented 
by the proposed parameter (M− S RRC), which better captures the 
relative motion between sensor and mold and thus provides information 
regarding the actual compaction of the mixture. Specifically, the higher 
the M− S RRC parameter, the greater the sensor movement relative to 
the mold, which may indicate a lower workability. This evidence further 
undermines the validity of the ASTM D8541 assumption that a high RRC 
value reflects substantial sensor movement.

Fig. 19a compares the M− S RRC values for the DGBC, DGFC and 
OGFC mixtures. Comparing dense-graded mixtures, the DGFC mixture 
shows lower values of M− S RRC than DGBC, as it tends to achieve a high 
level of compaction rapidly due to its low energy requirements for 
compaction. The low M− S RRC values for the DGFC mixture may also be 
related to the high ratio between the sensor nominal size and the NMAS 

Fig.13. Gyratory compaction curves obtained for the three asphalt mixtures.

Table 3 
Air void content for all gyratory compactor specimens at 100 gyrations.

Specimen ID DGBC_GC_S1 DGBC_GC_S2 DGFC_GC_S1 DGFC_GC_S2 OGFC_GC_S1 OGFC_GC_S2

Air void content [%] 5.7 7.0 4.8 3.6 19.9 19.3
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Fig.14. RR related to horizontal directions (x and y) and average x-y RR for gyratory compaction tests for three asphalt mixtures: (a) DGBC_GC_S1 specimen, (b) 
DGFC_GC_S1 specimen, (c) OGFC_GC_S2 specimen.
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Fig. 15. Workability parameters for gyratory compaction tests related to three asphalt mixtures: (a) RRCX and RRCY (ASTM D8541); (b) CEI.

Fig. 16. Average RRC values vs. CEI related to dense-graded mixtures.

Fig. 17. Gyratory specimen under compaction configuration and free body diagram of the forces acting on specimen.
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(4.4). In fact, the aggregates surrounding the sensor may be too small to 
induce any meaningful sensor movement.

The proposed parameter also shows a favorable indicative trend with 
the CEI parameter. Fig. 19b illustrates a clear direct proportionality 

between the two, with M‑S RRC increasing as CEI increases. In fact, both 
the CEI and M− S RRC parameters quantify the compaction energy 
needed to bring the asphalt mixture from an initial loose state (implying 
a relative motion between the sensor and the mold) to a final compacted 

Fig. 18. RRC and M− S RRC values for three asphalt mixtures: (a) DGBC_GC_S1 specimen, (b) DGFC_GC_S1 specimen, (c) OGFC_GC_S2 specimen.
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state (in which the sensor tends to move rigidly with the mold). The 
main difference between the two parameters is that the CEI refers to the 
gyratory specimen as a whole, whereas the M− S RRC value is derived 
from the data measured locally by the sensor. Despite the high sen
sor‑to‑NMAS ratio observed for the DGFC mixture, its behavior remains 
consistent with the correlation, demonstrating that the proposed 
parameter retains validity even for fine gradations.

In addition to the correlations already discussed, further relation
ships were explored using parameters previously determined from gy
ratory compaction. Fig. 20 presents the trend between the novel M‑S 
RRC parameter and Nd. A clear direct proportionality is observed: 
mixtures that reach the isovolumetric condition at lower Nd values also 
exhibit lower M‑S RRC values. Although such a trend may appear 
intuitive, it is not trivial, as compaction curves can exhibit markedly 
different shapes depending on mixture gradation, binder type and con
tent. The consistency of this relationship further supports the physical 
interpretability of the proposed parameter and its ability to reflect the 
compaction effort required to densify the mixture.

3.3. Roller compactor mold motion

Fig. 21 shows the data recorded by the sensor fixed to the external 
surface of the mold in the case of OGFC at 160 ◦C in terms of Euler angles 
at horizontal directions, acceleration (AccX) along the compaction di
rection (X-axis) (Fig. 21a) and relative rotations at horizontal directions 
(Fig. 21b). The tests conducted with unbound granular material at 20 ◦C 
inside the steel mold yielded the same results in terms of rigid movement 
of the mold. Therefore, the rigid movement of roller steel mold can be 
considered as an intrinsic property of the equipment, as it was not 
affected by temperature, material mass, or material type.

The roller compactor requires approximately five seconds for each 

cycle (back and forth from left to right), and before reversing direction it 
pauses for about half a second (“stop time” in Fig. 21a). The mold 
translation in the X–direction induces sensor rotations around the 
Y–axis. The mold movement appears to be predominantly translational 
along the X–axis (compaction direction), but small rotations, captured 
by the sensor, are also present. In fact, Fig. 21a illustrates that the X–axis 
Euler angle is negligible, whereas the Y–axis Euler angle follow a zer
o–mean quasi-sinusoidal pattern with a peak-to-peak amplitude of 
1.70◦.

By comparing the X–axis acceleration with the Y–axis Euler angle 
(Fig. 21a), it is possible to associate specific Euler angle values with 
distinct roller positions at fixed instants. Two acceleration peaks of the 
same sign are observed on the X–axis, separated by a “stop time”. The 
first peak corresponds to the deceleration required to stop mold motion, 
while the second peak reflects the acceleration needed to set it in motion 
again in the opposite direction. Three specific positions were identified 
and numbered from 1 to 3, as shown in Fig. 21c. Position 1 corresponds 
to the roller compactor to the left of the sensor, position 2 to the roller 
compactor directly above the sensor, and position 3 to the roller 
compactor to the right of the sensor. Position 2 coincides with the peaks 
of the periodic pattern of the Y-axis Euler angles (Fig. 21a). At the 
instant corresponding to position 2, the mold reverses its direction of 
rotation.

This behaviour can be explained considering that the roller 
compactor transmits compaction forces not only to the asphalt mixture 
but to the entire system that supports and moves the parallelepiped steel 
mold. The steel parallelepiped mold responds to the applied load by 
rotating in the direction of the load application, resulting in a cyclic and 
uniform rotational pattern throughout the compaction process. Such a 
cyclic movement remains constant throughout the compaction process 
and results in a constant relative rotation around the Y–axis (RRY) of 
1.70◦ (Fig. 21b). This indicates that the sensor motion within a com
pacted slab cannot be properly evaluated unless the rigid motion of the 
external system is first assessed, as it may influence the sensor 
measurements.

In the direction transverse to compaction, instead, the system that 
moves the steel mold is very rigid and does not allow rotation. In fact, 
the X–axis Euler angles recorded by the sensor and, consequently, the X- 
axis relative rotations are very close to zero (Fig. 21a and b).

It is worth noting that the rigid motion of the roller mold does not 
depend on the applied load. In fact, the compaction test used to evaluate 
the roller mold rigid movement involved an increasing load, which did 
not influence the recorded Euler angles. During the entire test, RRY 
remained constant at 1.70◦.

3.4. Roller compactor results

In order to evaluate the actual relative movement between the steel 

Fig. 19. Novel workability parameter for gyratory compaction: (a) M− S RRC values; (b) M− S RRC vs. CEI.

Fig. 20. Novel workability parameter for gyratory compaction M-S RRC vs. Nd.
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mold and the sensor during roller compaction, and given the inconsis
tency of the RRC parameter based on ASTM D8541, the same work
ability parameter proposed for gyratory compaction (Eq. (2)) was used 
to evaluate roller compaction tests. It was assumed that RRi is the 
relative rotation of the compacted asphalt mixture at ith rolling passage, 
RRi+1 is the relative rotation of the compacted asphalt mixture at 
(i + 1)th rolling passage, RRmold is the relative rotation related to the rigid 
motion of the steel mold (1.70◦ for the y direction and 0◦ for the x dir
ection, see Fig. 21b), l refers to the length of the x-axis unit (one rolling 
passage), Ni and Nd are the same as those defined in Section 2.4. By 
examining the experimental results (Fig. 22), it was observed that the 
mixture requires five rolling passages to stabilize. During these initial 
five cycles, the mixture undergoes an early initial compaction phase, 
which is thus excluded from the determination of the M− S RRC 
parameter. Therefore, Ni was assumed equal to 5, whereas Nd corre
sponds to the total number of passages until the target height of 100 mm 
is reached.

Fig. 22 illustrates, for each test combination, an example of the 
calculation of the proposed workability parameter M− S RRC. Specif
ically, the area corresponding to the M− S RRCY parameter was 

determined by subtracting the relative rotation associated with the mold 
rigid movement (RRYmold = 1.70◦), whereas the area related to the x-axis 
(M− S RRCX) was taken as it is, because RRX related to the mold rigid 
movement is assumed equal to zero (Fig. 21b). In general, the values of 
the parameters calculated in the two directions (M− S RRCX and M− S 
RRCY) are different given the dominance of motion in the compaction 
direction (which implies rotations around the y axis).

It can be noted that the curves related to relative rotations of the 
roller compactor (Fig. 22) are quite similar to the one describing the 
applied load (Fig. 8). As the load increases, the relative rotations (RRX, 
RRY) also increase.

Fig. 23 shows the M− S RRC values related to the three asphalt 
mixtures investigated and the two sensor shell geometries. The novel 
workability parameter appears to be sensitive to the type of mixture, 
even though a direct comparison between the mixtures cannot be made 
due to their different target air void contents. In all cases, the values of 
M− S RRC are higher in the y-direction (M− S RRCY), but non-negligible 
transverse effects were also recorded (M− S RRCX).

As shown in previous studies for the gyratory compactor [17,18], the 
results confirm that, even under the action of the roller compactor, the 
spherical sensor exhibits greater movement than the cubic one, with 

Fig. 21. Roller steel mold motion investigation: (a) Euler angles and x-axis acceleration, (b) relative rotations, (c) motion features.
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differences that can reach up to twice the magnitude. In fact, in the tests 
performed with the cubic sensor, the rotations measured in the y-di
rection (caused by the translation of the mold during compaction) were 
comparable to those in the x-direction, although the latter resulted 
solely from minor material settlements rather than directly from the 
actual compaction motion. Because spherical shells exhibit higher 
sensitivity than cubic ones, the spherical sensor is expected to more 
effectively detect small variations in mixture workability, even in the 
case of roller compaction.

4. Conclusions

This study investigated the use of particle–size sensors to analyze 
laboratory gyratory and roller compaction of asphalt mixtures. The work 
first evaluated the reliability of ASTM D8541 workability parameters 
across different gyratory compactors and then addressed the methodo
logical gap in roller compaction by presenting the first application of a 
steel roller compactor equipped with such sensors. To achieve these 
objectives, two gyratory compactors, one roller compactor, three asphalt 
mixtures, an unbound granular material, and two sensor geometries 
were examined to characterize aggregate motion under both 

compaction methods.
The main study findings can be summarized as follows: 

• The workability parameters defined in ASTM D8541 are influenced 
by the rigid movement of the mold, which varies between gyratory 
compactors; as a result, these parameters may yield different out
comes across machines, highlighting the need for compactor–specific 
calibration.

• A novel workability parameter (M− S RRC) was proposed, which 
captures the relative motion between sensor and mold, providing 
useful information on the actual compaction undergone by the ma
terial and showing sensitivity to key factors affecting the compaction 
process (e.g., gradation curve and NMAS of the asphalt mixture, 
sensor geometry).

• In gyratory compaction, the novel parameter M‑S RRC shows a direct 
correlation with Nd. Mixtures that reach the target compaction stage 
at lower Nd values also exhibit lower M‑S RRC values, reflecting 
higher workability.

• Under roller compaction, the spherical sensor moves more than the 
cubic sensor, exhibiting M− S RRC values that can be up to twice 
those obtained with the cubic sensor. This behaviour supports its 

Fig. 22. M− S RRC calculation for three asphalt mixtures and two shell geometries: (a) DGBC mixture and spherical shell; (b) DGBC mixture and cubic shell; (c) DGFC 
mixture and spherical shell; (d) DGFC mixture and cubic shell; (e) OGFC mixture and spherical shell; (f) OGFC mixture and cubic shell.
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preferential use for detecting subtle variations in mixture work
ability and compaction variables.

Overall, the M‑S RRC parameter shows encouraging potential for 
describing aspects of compaction behaviour in both gyratory and roller 
compaction. In gyratory compaction, it exhibits a favorable indicative 
trend with the Compaction Energy Index (CEI). Under roller compac
tion, the area associated with the novel parameter may reflect trends 
qualitatively similar to those observed in the applied load history, 
although this aspect remains preliminary and requires further 
investigation.

The proposed M− S RRC parameter yielded promising results in this 
first application. Nevertheless, further investigations are required to 
validate this novel workability parameter. Regarding roller compaction, 
an extended experimental program is already planned, including tests 
performed under energy-controlled conditions to directly compare the 
workability of different asphalt mixtures for the same compaction en
ergy. Future work will also aim at the final upscaling of the use of the 
developed particle-size sensors from laboratory roller compaction to 
field compaction.
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Zamorano, Effect of compaction temperature and procedure on the design of 
asphalt mixtures using Marshall and gyratory compactors, Constr. Build. Mater. 65 
(2014) 264–269, https://doi.org/10.1016/j.conbuildmat.2014.04.135.

[3] J.W. Button, D.N. Little, V. Jagadam, O.J. Pendelton, Correlation of selected 
laboratory compaction methods with field compaction, Trans. Res. Rec.: J. Trans. 
Res. Board 1994 (1454) (1994) 193–201.

[4] R.L. Peterson, K.C. Mahboub, R.M. Anderson, E. Masad, L. Tashman, Comparing 
superpave gyratory compactor data to field cores, J. Mater. Civ. Eng. 16 (1) (2004) 
78–83, https://doi.org/10.1061/(ASCE)0899-1561(2004)16:1(78).

[5] X. Wang, S. Shen, H. Huang, Meso-scale kinematic responses of asphalt mixture in 
both field and laboratory compaction, Transp. Res. Rec. 2675 (2021) 1631–1642, 
https://doi.org/10.1177/03611981211009222.

[6] F.R. Bijleveld, S.R. Miller, A.H. De Bondt, A.G. Dorée, Aligning laboratory and field 
compaction practices for asphalt - the influence of compaction temperature on 
mechanical properties, Int. J. Pavement Eng. 17 (8) (2016) 727–740, https://doi. 
org/10.1080/10298436.2015.1019494.

[7] R.A. Tarefder, M. Ahmad, Effect of compaction procedure on air void structure of 
asphalt concrete, Measurement 90 (2016) 151–157, https://doi.org/10.1016/j. 
measurement.2016.04.054.

[8] X. Wang, X. Wang, J. Li, An intelligent measuring system for real-time pavement 
quality assessment, Measurement 257 (2026) 118696, https://doi.org/10.1016/j. 
measurement.2025.118696.

[9] Y. Shi, W. Si, Y. Hu, P. Zhao, R. Ma, G.A. Danzeng, B. Ma, Predicting asphalt 
mixture compaction quality using ground penetrating radar and machine learning, 
Measurement 268 (2026) 120703, https://doi.org/10.1016/j. 
measurement.2026.120703.

[10] C. Chen, J. Feng, Y. Hu, W. Zhu, X. Zhang, J. Chen, S. Diao, Inversion model and 
validation for asphalt pavement compaction state based on dynamic response, 
Measurement 290 (2026) 122779, https://doi.org/10.1016/j. 
measurement.2026.122779.

[11] X. Wang, S. Shen, H. Huang, Z. Zhang, Towards smart compaction: particle 
movement characteristics from laboratory to the field, Constr. Build. Mater. 218 
(2019) 323–332, https://doi.org/10.1016/j.conbuildmat.2019.05.122.

[12] X. Wang, S. Shen, H. Huang, L.C. Almeida, Characterization of particle movement 
in superpave gyratory compactor at meso-scale using SmartRock sensors, Constr. 
Build. Mater. 175 (2018) 206–214, https://doi.org/10.1016/j. 
conbuildmat.2018.04.146.

[13] S. Liu, H. Huang, T. Qiu, J. Kwon, Effect of geogrid on railroad ballast particle 
movement, Transp. Geotech. 9 (2016) 110–122, https://doi.org/10.1016/j. 
trgeo.2016.08.003.

Fig. 23. Mold-sensor relative rotation capacity for three asphalt mixtures and two shell geometries (Roller compactor).

O. Guazzaroni et al.                                                                                                                                                                                                                            Measurement 290 (2026) 123104 

16 

https://doi.org/10.1088/1757-899X/512/1/012031
https://doi.org/10.1016/j.conbuildmat.2014.04.135
http://refhub.elsevier.com/S0263-2241(26)02814-9/h0015
http://refhub.elsevier.com/S0263-2241(26)02814-9/h0015
http://refhub.elsevier.com/S0263-2241(26)02814-9/h0015
https://doi.org/10.1061/(ASCE)0899-1561(2004)16:1(78)
https://doi.org/10.1177/03611981211009222
https://doi.org/10.1080/10298436.2015.1019494
https://doi.org/10.1080/10298436.2015.1019494
https://doi.org/10.1016/j.measurement.2016.04.054
https://doi.org/10.1016/j.measurement.2016.04.054
https://doi.org/10.1016/j.measurement.2025.118696
https://doi.org/10.1016/j.measurement.2025.118696
https://doi.org/10.1016/j.measurement.2026.120703
https://doi.org/10.1016/j.measurement.2026.120703
https://doi.org/10.1016/j.measurement.2026.122779
https://doi.org/10.1016/j.measurement.2026.122779
https://doi.org/10.1016/j.conbuildmat.2019.05.122
https://doi.org/10.1016/j.conbuildmat.2018.04.146
https://doi.org/10.1016/j.conbuildmat.2018.04.146
https://doi.org/10.1016/j.trgeo.2016.08.003
https://doi.org/10.1016/j.trgeo.2016.08.003


[14] S. Liu, H. Huang, T. Qiu, L. Gao, Comparison of laboratory testing using smartrock 
and discrete element modeling of ballast particle movement, J. Mater. Civ. Eng. 29 
(3) (2017) D6016001, https://doi.org/10.1061/(ASCE)MT.1943-5533.0001540.

[15] ASTM D8541, 2024. Standard Test Method for Determination of Relative Rotation 
to Evaluate the Workability of Asphalt Mixture Using Wireless Particle-Size 
Sensors.

[16] Y. Li, W. Jiang, J. Xiao, F. Zhao, S. Zhang, C. Xing, D. Yuan, Effects of kneading and 
impact action on the movement of aggregates in asphalt mixtures during 
compaction, Constr. Build. Mater. 366 (2023) 130210, https://doi.org/10.1016/j. 
conbuildmat.2022.130210.

[17] Guazzaroni, O., Binni, L., D’Aparo, R., Graziani, A., Ingrassia, L.P., Naticchia, B., 
Virgili, A., Canestrari, F., 2025. Workability evaluation of asphalt mixtures using 
SmartRock sensors: effect of shell shape. Presented during the “3rd International 
Symposium on Pavement Functional Design and Management”, Delft (The 
Netherlands), 2-4 July 2025.

[18] O. Guazzaroni, L.P. Ingrassia, A. Virgili, A. Graziani, F. Canestrari, Particle-size 
sensors of different geometry to assess the workability of asphalt mixtures, Constr. 
Build. Mater. 505 (2025) 144807, https://doi.org/10.1016/j. 
conbuildmat.2025.144807.

[19] X. Wang, S. Shen, H. Huang, S. Yu, Understanding the role of particle rotation in 
asphalt mixture compaction by tracking coarse aggregate movement, Constr. Build. 
Mater. 395 (2023) 132325, https://doi.org/10.1016/j.conbuildmat.2023.132325.

[20] S. Yu, S. Shen, Compaction prediction for asphalt mixtures using wireless sensor 
and machine learning algorithms, IEEE Trans. Intell. Transp. Syst. 24 (1) (2023) 
778–786, https://doi.org/10.1109/TITS.2022.3218692.

[21] S. Yu, S. Shen, M. Lu, Data sensing and compaction condition modeling for asphalt 
pavements, Autom. Constr. 154 (2023) 105021, https://doi.org/10.1016/j. 
autcon.2023.105021.

[22] S. Yu, S. Shen, R. Steger, X. Wang, Effect of warm mix asphalt additive on the 
workability of asphalt mixture: from particle perspective, Constr. Build. Mater. 360 
(2022) 129548, https://doi.org/10.1016/j.conbuildmat.2022.129548.

[23] R. Ma, Z. Wang, Study on the compaction performance and its key influencing 
factors of asphalt mixture based on intelligent sensing techniques, J. Sens. 2023 
(2023) 2224322, https://doi.org/10.1155/2023/2224322.

[24] H.-C. Dan, D. Yang, L.-H. Zhao, S.-P. Wang, Z. Zhang, Meso-scale study on 
compaction characteristics of asphalt mixtures in Superpave gyratory compaction 
using SmartRock sensors, Constr. Build. Mater. 262 (2020) 120874, https://doi. 
org/10.1016/j.conbuildmat.2020.120874.

[25] N. Wang, F. Chen, T. Ma, Y. Luan, J. Zhu, Compaction performance of cold recycled 
asphalt mixture using SmartRock sensor, Autom. Constr. 140 (2022) 104377, 
https://doi.org/10.1016/j.autcon.2022.104377.

[26] X. Wang, H. Huang, E. Tutumluer, J.S. Tingle, S. Shen, Monitoring particle 
movement under compaction using SmartRock sensor: a case study of granular 
base layer compaction, Transp. Geotech. 34 (2022) 100764, https://doi.org/ 
10.1016/j.trgeo.2022.100764.

[27] Y. Xiao, M. Wang, X. Wang, J. Ren, W. Wang, X. Chen, Evaluating gyratory 
compaction characteristics of unbound permeable aggregate base materials from 
meso-scale particle movement measured by smart sensing technology, Materials 14 
(15) (2021) 4287, https://doi.org/10.3390/ma14154287.

[28] Mahmoud, A.F.F., Bahia, H.U., 2004. Using the gyratory compactor to measure 
mechanical stability of asphalt mixtures. Report WHRP 05-02, University of 
Wisconsin - Madison.

[29] EN 12697-31, 2019. Bituminous mixtures – Test methods – Part 31: Specimen 
preparation by gyratory compactor.

[30] EN 12697-8, 2019. Bituminous mixtures – Test methods – Part 8: Determination of 
void characteristics of bituminous specimens.

[31] EN 12697-6, 2020. Bituminous mixtures – Test methods – Part 6: Determination of 
bulk density of bituminous specimens.

[32] S.W. Goh, Z. You, Mechanical properties of porous asphalt pavement materials 
with warm mix asphalt and RAP, J. Transp. Eng. 138 (1) (2012) 90–97, https://doi. 
org/10.1061/(ASCE)TE.1943-5436.0000307.

[33] EN 12697-33, 2022. Bituminous mixtures – Test methods – Part 33: Specimen 
prepared by roller compactor.

[34] M. Abu Saq, E. Kassem, F. Bayomy, A. Muftah, Development of gyratory stability 
mathematical model and evaluation of its sensitivity to mix composition, Int. J. 
Pavement Res. Technol. 17 (1) (2024) 68–79, https://doi.org/10.1007/s42947- 
022-00221-7.

[35] Bonnot, J., 1986. Asphalt Aggregate Mixtures. Transportation Research Record 
1096, TRB, Washington D. C., pp 42-51.

O. Guazzaroni et al.                                                                                                                                                                                                                            Measurement 290 (2026) 123104 

17 

https://doi.org/10.1061/(ASCE)MT.1943-5533.0001540
https://doi.org/10.1016/j.conbuildmat.2022.130210
https://doi.org/10.1016/j.conbuildmat.2022.130210
https://doi.org/10.1016/j.conbuildmat.2025.144807
https://doi.org/10.1016/j.conbuildmat.2025.144807
https://doi.org/10.1016/j.conbuildmat.2023.132325
https://doi.org/10.1109/TITS.2022.3218692
https://doi.org/10.1016/j.autcon.2023.105021
https://doi.org/10.1016/j.autcon.2023.105021
https://doi.org/10.1016/j.conbuildmat.2022.129548
https://doi.org/10.1155/2023/2224322
https://doi.org/10.1016/j.conbuildmat.2020.120874
https://doi.org/10.1016/j.conbuildmat.2020.120874
https://doi.org/10.1016/j.autcon.2022.104377
https://doi.org/10.1016/j.trgeo.2022.100764
https://doi.org/10.1016/j.trgeo.2022.100764
https://doi.org/10.3390/ma14154287
https://doi.org/10.1061/(ASCE)TE.1943-5436.0000307
https://doi.org/10.1061/(ASCE)TE.1943-5436.0000307
https://doi.org/10.1007/s42947-022-00221-7
https://doi.org/10.1007/s42947-022-00221-7

	New insights into the use of particle-size sensors for asphalt mixture gyratory and roller compaction
	1 Introduction
	2 Materials and methods
	2.1 Asphalt mixtures and unbound granular material
	2.2 Particle-size sensors
	2.3 Gyratory compaction
	2.4 Roller compaction
	2.5 Experimental program

	3 Results and analysis
	3.1 Gyratory mold motion
	3.2 Gyratory compactor results
	3.3 Roller compactor mold motion
	3.4 Roller compactor results

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


