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Abstract

Reducing the environmental impact of road transport requires pavements that contribute
to lower fuel consumption of vehicles and greenhouse gas emissions throughout their life
cycle. Rolling resistance plays a key role in this context, while warm mix asphalt (WMA)
technologies offer additional benefits by reducing energy use and emissions during pro-
duction and construction. This study investigates the combined influence of aggregate
type and aggregate gradation on the rolling resistance and functional performance of
WMA wearing course mixtures. Ten laboratory-produced mixtures were designed, in-
cluding dense-graded asphalt concrete (AC 11 VS) and stone mastic asphalt (SMA 8 S)
with granite or dolomite aggregates, produced at reduced temperatures using a chemical
WMA additive and polymer-modified bitumen PMB 45/80-65. Rolling resistance was
evaluated using a laboratory energy loss method with two different tyres, along with as-
sessments of volumetric properties, moisture resistance, surface macrotexture, and re-
sistance to scuffing. The results indicate that aggregate gradation is the primary factor
governing rolling resistance, and dense-graded mixtures exhibit lower energy loss due to
their smoother surface texture. The aggregate type showed a secondary but consistent
effect, with granite mixtures generally demonstrating slightly lower rolling resistance and
improved resistance to surface degradation. In general, the findings confirm that WMA
technologies can be effectively integrated into low-rolling-resistance asphalt mixtures,
achieving reduced rolling resistance without compromising durability and thus support-
ing energy-efficient and sustainable pavement solutions.

Keywords: Warm Mix Asphalt (WMA); rolling resistance; aggregate gradation; aggregate
type; energy efficiency; sustainable pavements

1. Introduction

The climate goals of Europe demand substantial reductions in greenhouse gas emis-
sions, with carbon neutrality targeted by 2050 [1]. At the European Union level, most ma-
jor sectors have already achieved measurable emission reductions relative to 1990, while
the transport sector continues to lag behind [2]. This imbalance places increasing pressure
on the road infrastructure to contribute more actively to climate mitigation efforts. As a
result, pavement engineering has expanded beyond its traditional focus on structural per-
formance to include strategies that aim to reduce environmental impact, such as minimiz-
ing rolling resistance. Lower rolling resistance reduces energy losses at the tyre-pavement
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interface, which directly decreases vehicle fuel consumption and, consequently, green-
house gas (GHG) emissions during the use phase of road infrastructure

Rolling resistance is defined as the mechanical energy loss per distance travelled by
a tire rolling on a pavement surface, resulting from viscoelastic hysteresis in the tire rub-
ber, deformation of the pavement structure, and energy dissipation in the vehicle suspen-
sion system due to road unevenness [3-5]. These losses arise from non-elastic defor-
mations during tire-pavement contact, influenced by factors such as surface texture,
roughness, and stiffness [6-8].

In practical terms, smoother asphalt pavements with lower rolling resistance can lead
to a substantial reduction in fuel consumption and GHG emissions. For example, Sand-
berg [9] reported that pavements with smoother texture have about 11% lower fuel con-
sumption than rougher surfaces when texture wavelengths ranged between 0.6 and 3.5
m. When considering the network level, even relatively small reductions in rolling re-
sistance can produce notable cumulative benefits. In Denmark, it has been estimated that
resurfacing the entire 4000 km network of state roads with low-rolling-resistance asphalt
mixtures could annually save roughly 64 million liters of fuel and reduce CO: emissions
by around 160,000 tons [10].

Despite this potential, current asphalt pavements are rarely optimized for rolling re-
sistance, prioritizing durability and safety instead and thereby creating a gap between
sustainability goals and practice. Conventional hot-mix asphalt mixtures often have sub-
stantial macrotexture to ensure skid resistance, along with relatively high stiffness to resist
deformation and fatigue. Although these features are essential for long-term performance,
they are also associated with higher rolling resistance compared to mixtures optimized
for it [5,6]. Therefore, the main challenge lies in developing asphalt mixtures that signifi-
cantly reduce rolling resistance without compromising the mechanical and functional
properties necessary for safe and durable performance.

Recent studies have begun to address this challenge, although important limitations
remain. In Denmark, special stone mastic asphalt (SMA) mixtures (labelled SMA 6
COOEE+ and SMA 8 COOEE+) were developed to reduce rolling resistance while provid-
ing a surface texture that complied with safety requirements [10-12]. The key design strat-
egy involved optimizing aggregate gradation, particularly by reducing the proportion of
medium-sized particles, resulting in a finer surface texture and a measurably lower rolling
resistance. However, observations from test sections revealed that these initial benefits
were not fully stable over time. After approximately three years in service, an increase in
macrotexture was recorded. Microscopic analyses indicated extensive micro-cracking
within the relatively softer aggregates used in the mixtures, leading to aggregate fragmen-
tation under compaction and traffic loading. This process progressively roughened the
pavement surface and diminished the initial resistance advantage to rolling. In response,
subsequent test sections incorporated harder aggregates, highlighting the decisive role of
aggregate mechanical properties in maintaining low rolling resistance over time. More
recent studies have also shown that the durability of low-rolling-resistance pavements can
be improved by using polymer-modified binders, which help limit texture evolution and
enhance rutting resistance [13].

Similar initiatives in other countries have led to comparable conclusions. In the Neth-
erlands, researchers developed an optimized thin surface course to reduce rolling re-
sistance [14]. Based on the observed performance, it was recommended that specifications
for new asphalt surfaces include a maximum Mean Profile Depth of 1.2 mm and a smaller
nominal maximum aggregate size (<11 mm) to achieve low rolling resistance. Meanwhile,
in the United Kingdom, a test section of a newly designed “10 mm SuperCurve” SMA
mixture showed approximately 6% reduction in the rolling resistance coefficient com-
pared with the conventional reference mixture (14 mm SuperHitex) [15]. Taken together,
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these findings underscore the need to consider aggregate type and gradation in combina-
tion, rather than in isolation, when designing asphalt mixtures for sustained reductions in
rolling resistance, with particular emphasis on smaller nominal maximum aggregate sizes
and carefully controlled surface texture depth.

While many studies on low-rolling-resistance asphalt mixtures have traditionally fo-
cused on hot-mix asphalt, warm mix asphalt (WMA) technologies are crucial for achieving
broader sustainability goals by reducing GHG emissions not only during pavement ser-
vice but also throughout the production and compaction phases. WMA technologies al-
low asphalt mixtures to be produced at temperatures approximately 2040 °C lower than
those required for conventional hot-mix asphalt, leading to reduced energy consumption
and lower GHG emissions during both manufacturing and laying processes [16-20]. The
primary mechanism behind these reductions is the decreased fuel demand associated
with the heating of aggregate and the mixing of the asphalt mixture itself. For example, a
25 °C reduction in mixing temperature has been reported to decrease energy consumption
by approximately 17-23% during raw material heating, 11-37% during mixing, and 15-
47% during compaction when compared with conventional hot-mix asphalt mixtures [21].
These energy savings are directly associated with lower emissions of GHG and other air-
borne pollutants, including COz, NOx, and volatile organic compounds (VOCs) during
asphalt mixture production and paving operations [20,22]. Depending on factors such as
fuel type, plant configuration, and target production temperature, the overall energy sav-
ings achieved through WMA technologies may range from approximately 20% to as much
as 75% [23-25]. This makes WMA a key technology for reducing the environmental foot-
print of road construction. Despite the advantages of WMA, it is still not universally
adopted in practice. Its wider implementation may be limited by factors such as additional
material costs associated with WMA additives, the need for plant-specific adjustments,
and uncertainties regarding long-term field performance under different climatic and traf-
fic conditions, which can affect stakeholder confidence and specification acceptance.

Therefore, integrating WMA technologies into low-rolling-resistance pavement de-
sign offers a promising pathway toward enhanced environmental performance as it ena-
bles reductions in both embodied energy consumption during material production and
compaction and operational energy consumption during the pavement use phase. This
integrated approach is consistent with broader sustainability objectives that seek to mini-
mize environmental impact throughout the life cycle of road infrastructure [5,19,20,26].

Previous studies on low-rolling-resistance pavements have predominantly focused
on mixture optimization in conventional hot-mix asphalt, demonstrating that rolling re-
sistance is primarily governed by surface texture, aggregate gradation, and mixture stiff-
ness [5-8]. In contrast, studies on WMA have mainly addressed its environmental benefits
and basic mechanical performance, confirming that reduced production temperatures can
be achieved without compromising volumetric properties, water sensitivity, and durabil-
ity, rather than rolling resistance-related functional behaviour [16-20]. To date, systematic
investigations explicitly integrating WMA technologies into low-rolling-resistance pave-
ment design are largely lacking. In particular, the combined influence of aggregate type
and aggregate gradation on the rolling resistance performance of WMA mixtures has not
been comprehensively studied, despite their known importance in controlling surface tex-
ture and long-term functional behaviour.

This study aims to address this knowledge gap by systematically investigating the
influence of aggregate type and gradation on the rolling resistance characteristics of WMA
mixtures. By jointly evaluating rolling resistance and key functional properties, this study
contributes to the development of more sustainable and energy-efficient pavement solu-
tions for wearing courses.
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2. Materials and Methods
2.1. Materials

For the experimental programme, asphalt composites were prepared from crushed
granite and dolomite covering four gradation ranges (0-2, 2-5, 5-8, and 8-11 mm). The
binder used in all cases was PMB 45/80-65 polymer-modified bitumen. Warm mix pro-
duction was ensured by adding Iterlow T, while Adhesin functioned as an adhesion im-
prover in each formulation. In mixtures of the SMA type, cellulose fibres were incorpo-
rated to stabilise the mastic and reduce draindown during handling and compaction. The
relevant physical and mechanical characteristics of the aggregates and binder materials
are compiled in Tables 1 and 2. The aggregate properties shown in Table 1 represent the
specification limits defined by the applicable standards, used to confirm the compliance
of the aggregates with normative requirements.

Table 1. Physical and mechanical properties of aggregates.

Material Flakiness Index <hape Index LA P4V C
Granite fr. 8-11 20 20 20 50 Cioo/0
Granite fr. 5-8 20 20 20 50 Cio0/0
Granite fr. 2-5 20 20 20 50 Cioo0
Dolomite fr. 8-11 20 20 20 48 Cioo0
Dolomite fr. 5-8 20 20 20 48 Cioo
Dolomite fr. 2-5 20 20 20 48 Cioo/0

Table 2. Physical and mechanical properties of bitumen.

Material

Penetration, “oftening
dmm (25 °C) Point, °C

Non-Recoverable Creep Compliance Jns.,

Recovery R sz, % (60 °C) kPa~1 (60 °C)

PMB 45/80-65

58.0

81.0 90.3 0.158

2.2. Design and Production of Asphalt Mixture

A total of ten asphalt compositions were developed with nominal maximum aggre-
gate sizes of 8 mm and 11 mm. The experimental programme included four AC 11 VS
mixtures prepared using either granite or dolomite aggregates and six SMA 8 S mixtures
produced with the same two aggregate types. The mixture codes used in this study are
defined as follows. SMA denotes stone mastic asphalt, while the number 8 indicates the
nominal maximum aggregate size (mm). The letter S refers to mixtures designed for heavy
traffic loading. The letter g denotes mixtures produced with granite aggregate, while the
letter d denotes dolomite aggregate. The subscript number (e.g., _1, _2, _3) represents the
variant number within the same mixture type, corresponding to different aggregate gra-
dations.

For asphalt concrete mixtures, AC denotes asphalt concrete, while the number 11 in-
dicates the nominal maximum aggregate size (mm). The designation VS refers to a dense-
graded asphalt concrete mixture intended for wearing course applications under heavy
traffic loading. The letter g denotes mixtures produced with granite aggregate, while the
letter d indicates the use of dolomite aggregate. The subscript number (e.g., _1, _2) repre-
sents the variant number within the same mixture type, corresponding to different aggre-
gate gradations.

The proportions of all ten asphalt mixtures, including both AC and SMA variants,
are summarised in Table 3. Gradation curves for each composition are presented in Table
3 and Figure 1. The SMA 8 S mixtures incorporated three coarse aggregate fractions,
whereas the AC 11 VS mixtures were formulated using two. The most pronounced differ-
ences in particle size distribution occur at the 4 mm, 5.6 mm, and 8 mm sieve sizes, which
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are critical for surface texture characteristics. Mixtures produced with dolomite were ad-
justed to replicate the gradation pattern established for the corresponding granite-based
compositions. The optimal bitumen content for each asphalt mixture was determined by
initial tests: At first, 3 different bitumen contents were chosen for each mixture according
to the literature analysis and experience, and after that, water sensitivity tests were per-
formed. The optimum bitumen percentages were determined from ITSR test data and es-
tablished at 6.0% for AC 11 VS and 7.1% for SMA 8 S.

Table 3. Mix proportions of the investigated asphalt compositions.

Asphalt Mixture
Component AC +MA
11Vs g1 11V g2 11V d1 11Ve d2 8% gl 8% g2 8% g3 8% dl 8% d2 8% d3
Granite fr. 8-11, %  23.50 9.40 - - -

Granite fr. 5-8, % 9.40 14.10 - - 64.09 48.30 29.72 - - -
Granite fr. 2-5, %  20.68 29.14 - - 4.64 2043 39.01 - - -
Granite fr. 0-2, %  38.54 40.42 - - 17.37 17.37 17.37 - - -
Dolomite fr. 8-11, % - - 20.68 9.40 - - - - - -
Dolomite fr. 5-8, % - - 11.28 11.28 - - - 53.87 37.15 23.22
Dolomite fr. 2-5, % - - 15.04 25.38 - - - 11.15 27.86 41.80
Dolomite fr. 0-2, % - - 43.24 44.18 - - - 20.43 20.43 20.43
Mineral filler 1.88 0.94 3.76 3.76 6.50 6.50 6.50 7.15 7.15 7.15
Cellulose *, % - - - - 0.3 0.3 0.3 0.3 0.3 0.3
Iterlow T **, % 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Adhesin *, % 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
PMB 45-80-65 6.0 6.0 6.0 6.0 7.1 7.1 7.1 7.1 7.1 7.1

* By weight of mixture; ** by weight of bitumen.
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Figure 1. Asphalt mixture gradations.
All mixtures were manufactured in a laboratory environment using a calibrated mix-

ing device to ensure controlled production conditions. Warm mix asphalt specimens were

prepared at a mixing temperature of 125 °C, which is lower than the conventional pro-
duction temperature of 175 °C.
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2.3. Test Methods

Three specimens were prepared and tested for each asphalt mixture.

2.3.1. Bulk Density and Air Voids Content

The air voids in SMA mixtures were calculated based on the maximum theoretical
density (EN 12697-5, volumetric method) and the bulk density determined in accordance
with EN 12697-6. Specimens for bulk density measurements were compacted using a Mar-
shall hammer manufactured by infraTest Priiftechnik GmbH, applying 50 blows to each
face of the sample (EN 12697-30).

2.3.2. Water Sensitivity

Moisture susceptibility was evaluated in accordance with EN 12697-12 (Method A),
while the indirect tensile strength procedure followed the requirements of EN 12697-23.
For each asphalt composition, six Marshall-compacted specimens were prepared using 35
blows per face, as prescribed in EN 12697-30. Specimen dimensions (height and diameter)
were verified in line with EN 12697-29.

The compacted samples were subsequently separated into two subsets. One subset
was stored at laboratory conditions and conditioned at +25 °C for a minimum of two hours
prior to testing. The second subset was immersed in water at +40 °C for 72 h. After
conditioning, all specimens were tested in indirect tension using a loading rate of 50 + 2
mm/min until failure. Moisture sensitivity was expressed as the ratio between the tensile
strength of conditioned (wet) and unconditioned (dry) specimens (ITSR), presented as a
percentage.

2.3.3. Rolling Resistance (Energy Loss Test)

The assessment of rolling resistance was carried out using a wheel drop-impact pro-
cedure with an applied load, designed by researchers at the Technical University of
Gdansk [27]. A suitable test wheel was equipped with an adjustable mass and suspended
at a defined height above a fixed pavement specimen. Upon release, the wheel was al-
lowed to repeatedly impact and rebound from the pavement surface. A laser sensor con-
tinuously recorded the vertical movement of the wheel axis relative to its static position.
The decay in bounce amplitude was analyzed to determine energy losses within the sys-
tem. Test parameters such as wheel mass, drop height, and specimen rigidity were set to
simulate real-world dynamic tire deflections. The area between the upper and lower en-
velope curves of the oscillation trajectory was used as a quantitative measure of rolling
resistance.

Preparation of specimens for the rolling resistance evaluation was carried out in two
sequential steps (Figure 2). Initially, asphalt slabs measuring 40 x 260 x 410 mm were com-
pacted with a slab compactor in accordance with EN 12697-33. Once cooled, the slabs were
bonded to a previously prepared concrete base plate using bitumen as an adhesive layer.
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Figure 2. Specimen prepared for rolling resistance (energy loss) test.

2.3.4. Resistance to Scuffing

The resistance to ravelling of the asphalt mixtures was evaluated according to
EN 12697-50, Part B, using laboratory-compacted slabs prepared according to EN 12697-
33. For each mixture, a 260 x 260 mm asphalt slab was compacted using a slab compactor
manufactured by infraTest Pruftechnik GmbH, conditioned at 40 + 1 °C, weighed, and
fixed in the test device (Figure 3).

The test was performed using a dedicated apparatus with a rubber tyre applying a
vertical load of 1000 + 10 N. During the testing, the slab was subjected to a combined
rotational and horizontal forward-backward motion to simulate traffic-induced surface
wear. The detached asphalt particles were collected using a vacuum system, and the mass
loss of the specimen was determined after 10, 20, 30, 40, and 50 loading cycles.

Resistance to ravelling was expressed as the percentage mass loss relative to the ini-
tial mass of the specimen, with the lower mass loss indicating higher resistance to surface
degradation.

Figure 3. Resistance to scuffing test.
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3. Results and Discussion

The volumetric characteristics of the WMA mixtures, including bulk density, maxi-
mum theoretical density, and air void percentage, are summarised in Figure 4. The results
indicate clear differences between dense-graded asphalt concrete (AC) and stone mastic
asphalt (SMA) mixtures, which are primarily related to aggregate gradation and the struc-
ture of the mixture.

The bulk density of the AC mixtures ranged from 2.378 to 2.406 Mg/m?, while the
maximum density varied from 2.422 to 2.456 Mg/m3. These relatively high-density values
reflect the continuous aggregate gradation and efficient aggregate packing typical of
dense-graded asphalt mixtures. Comparable density levels for AC wearing course mix-
tures have been reported in previous studies and are considered indicative of good com-
pactability and durable pavement performance [28]

In contrast, the SMA mixtures exhibited lower bulk density values, ranging from
2.321 to 2.412 Mg/m?, while maximum density values ranged from 2.406 to 2.470 Mg/m?3.
The observed behaviour is linked to the structural concept of gap-graded mixtures, where
a coarse aggregate skeleton governs load transfer, combined with relatively high binder
and filler proportions and the use of stabilising fibres. Similar volumetric characteristics
of SMA mixtures have been reported in earlier investigations, confirming that a lower
density is inherent in the SMA design rather than an indication of inadequate compaction
[29].

The air void content of the tested mixtures ranged from 1.4% to 3.5%. AC mixtures
generally exhibited lower air voids, with values between 1.4% and 2.4%, indicating high
compaction efficiency and a dense internal structure. These air void levels are within the
range commonly reported for dense-graded wearing course mixtures and are considered
favourable for long-term performance stability [28].

Mixtures produced with granite aggregate generally exhibited slightly lower bulk
density and higher air void content compared to mixtures containing dolomite. This be-
haviour can be associated with the higher hardness and angularity of granite aggregates,
which may hinder rearrangement during compaction and result in a less dense packing
structure under the applied laboratory compaction conditions. In contrast, mixtures in-
corporating dolomite aggregate showed higher bulk density and lower air void content,
indicating more efficient compaction. This can be attributed to the relatively smoother
surface texture and lower angularity of dolomite aggregates, which facilitate particle re-
arrangement during compaction. Nevertheless, all air void content values remained
within acceptable ranges for wearing course applications.

Overall, the results demonstrate that WMA technology did not adversely affect the
volumetric properties. The density and air void values obtained in this study are con-
sistent with those reported in the literature for conventional asphalt mixtures, indicating
that the reduced production temperatures did not compromise the quality of the compac-
tion or homogeneity of the mixture.
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Figure 4. Density and air void content.

Figure 5 summarises the moisture susceptibility results, including the indirect tensile
strength measured under dry and conditioned states, together with the calculated indirect
tensile strength ratio (ITSR) for all evaluated WMA mixtures.

The ITS values of AC mixtures were higher compared to those of SMA mixtures in
both dry and wet conditions. The dry ITS values for the AC mixtures ranged from 1035 to
1157 kPa, while the wet ITS values ranged from 1026 to 1109 kPa. These results indicate
good cohesion and strong aggregate-binder interaction, which can be attributed to the
dense aggregate structure and lower air void content of AC mixtures.

The SMA mixtures exhibited lower ITS values, with dry ITS ranging from 841 to
927 kPa and wet ITS from 819 to 893 kPa. The lower tensile strength of SMA mixtures is
consistent with their higher binder content, gap-graded structure, and higher air void con-
tent. Similar tendencies for SMA mixtures have been reported in previous studies and are
considered characteristic of this type of mixture rather than a performance deficiency [29].

The ITSR values for all tested mixtures exceeded the minimum requirement of 90%
specified for wearing course asphalt mixtures. ITSR values ranged from 93.2% to 99.2%.
AC mixtures demonstrated the highest ITSR values, typically between 95.8% and 99.2%,
indicating excellent resistance to moisture-induced damage. SMA mixtures exhibited
slightly lower ITSR values, ranging from 93.2% to 99.2%, yet all remained above the spec-
ification threshold.

With respect to water sensitivity, the aggregate type was found to influence the ITSR
results, although the observed differences were moderate. Mixtures incorporating granite
aggregate generally exhibited slightly higher ITSR values compared to the corresponding
mixtures produced with dolomite. This tendency can be associated with the higher me-
chanical strength and lower susceptibility of granite aggregates to moisture-induced dam-
age, which may contribute to improved aggregate-binder adhesion under wet conditions.
In contrast, mixtures containing dolomite aggregate showed lower ITSR values, which
can be related to the carbonate nature of dolomite and its higher sensitivity to moisture at
the aggregate—binder interface.

Overall, the results of water sensitivity indicate that all tested WMA mixtures exhibit
adequate resistance to moisture-induced damage and are suitable for wearing course ap-
plications, with ITSR values exceeding the minimum requirement of 90% [29,30].
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Figure 5. Water sensitivity.

Figure 6 presents the macrotexture results of the tested WMA mixtures, expressed as
the mean depth of the texture. The results indicate a clear influence of aggregate gradation
and mixture type on surface macrotexture.

The AC mixtures exhibited lower macrotexture values, ranging from 0.35 to 0.43 mm,
reflecting their dense-graded aggregate structure and smoother surface profile. Such ma-
crotexture levels are typical for dense-graded wearing course mixtures and are associated
with a reduced surface roughness and lower tyre excitation. Similar macrotexture ranges
for AC mixtures have been reported in previous studies investigating the surface charac-
teristics of dense-graded asphalt pavements [5,31].

In contrast, the SMA mixtures demonstrated significantly higher macrotexture val-
ues ranging from 0.53 to 0.71 mm. The higher macrotexture observed for SMA mixtures
can be attributed to their gap-graded aggregate structure and the higher proportion of
coarse aggregate on the surface, which leads to a more pronounced surface relief. Com-
parable macrotexture values for SMA mixtures have been reported in the literature and
are considered characteristic of this type of mixture [29,31].

The results confirm that aggregate gradation is the dominant factor governing sur-
face macrotexture, while the use of WMA technology did not introduce noticeable devia-
tions from macrotexture levels typically reported for conventional asphalt mixtures. All
measured macrotexture values fall within the range commonly associated with wearing
course applications, indicating that the tested mixtures provide an adequate balance be-
tween surface texture and functional performance.

The macrotexture results expressed as mean profile depth (MPD) indicate that the
type of aggregate had a secondary influence on surface texture, compared to the dominant
effect of aggregate gradation. Mixtures containing granite aggregate generally exhibited
slightly higher MPD values than corresponding dolomite mixtures, which may be related
to the higher hardness and angularity of granite aggregates. In contrast, dolomite-based
mixtures tended to show slightly lower MPD values, possibly due to their smoother sur-
face characteristics.

Nevertheless, the MPD values of all mixtures remained within the typical ranges for
asphalt mixtures designed as a wearing course, confirming that the aggregate type influ-
enced the magnitude of macrotexture without compromising functional performance.
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Table 4 presents the results of rolling resistance obtained from laboratory testing, ex-
pressed as the coefficient of energy loss, measured using two different tyres: a Michelin
Primacy 4 (205/55 R16) passenger car tyre and a standard reference test tyre (SRTT) man-
ufactured also by Michelin.

Using the Michelin Primacy 4 tyre, the average rolling resistance coefficients of the
tested asphalt mixtures ranged from 0.00603 to 0.00634. Dense-graded AC mixtures gen-
erally exhibited lower rolling resistance values compared to the SMA mixtures. This ten-
dency is consistent with findings reported in previous studies, where smoother surface
texture and denser aggregate packing were identified as key factors that contribute to re-
duced rolling resistance [5,31].

The results obtained with the SRTT tyre showed similar trends, with average rolling
resistance coefficients ranging from 0.00610 to 0.00635. Although slightly higher absolute
values were observed compared to the Michelin tyre, the relative ranking of the asphalt
mixtures remained unchanged. Previous investigations have reported that tyre character-
istics influence the absolute magnitude of rolling resistance, while pavement-related
trends remain consistent between different types of tyre [5,27].

The slightly higher rolling resistance values observed for SMA mixtures can be re-
lated to their higher macrotexture and more pronounced surface relief. Several authors
have shown that increased macrotexture leads to increased energy dissipation at the tyre—
road interface due to increased tyre deformation and hysteresis losses [5,31]. The results
of the present study support these observations, as mixtures with higher macrotexture
values exhibited moderately higher rolling resistance coefficients.

The results of rolling resistance indicate that the aggregate type had a minor but ob-
servable influence on the coefficient of energy loss. The mixtures produced with granite
aggregate generally exhibited slightly lower rolling resistance values compared to the cor-
responding dolomite mixtures with a similar gradation. This tendency may be associated
with the more stable surface texture and slightly higher macrotexture uniformity of gran-
ite-based mixtures.

In contrast, dolomite-based mixtures tended to show slightly higher rolling re-
sistance, which can be related to differences in aggregate surface characteristics and
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microtexture. However, the influence of the aggregate type was less pronounced than the
effect of the aggregate gradation, and the relative ranking of the mixtures remained con-
sistent for both aggregate types.

Although the absolute differences between the average rolling resistance coefficients
were numerically small (on the order of 10-%), this magnitude is typical for asphalt wearing
courses and low-rolling-resistance pavements reported in the literature [27,32]. From a
statistical perspective, the low standard deviations indicate a good repeatability of the test
method, and differences exceeding experimental variability, particularly when consist-
ently observed for both types of tyres, can be considered meaningful for comparative eval-
uation. From a practical perspective, previous field studies have shown that rolling re-
sistance differences of similar magnitude can be relevant, as rolling resistance contributes
directly to vehicle fuel consumption and CO: emissions; even minor reductions, when
applied over large road networks and long service periods, can result in measurable cu-
mulative energy and emission savings [11].

Overall, the results confirm that WMA mixtures, when properly designed in terms
of aggregate gradation, can achieve rolling resistance performance comparable to that re-
ported in the literature for conventional asphalt mixtures while maintaining satisfactory
functional properties.

Table 4. Rolling resistance results expressed as the coefficient of energy loss for two tyres (Michelin
Primacy 4 and SRTT).

Tyre
Asphalt Mixture Michelin Primacy 4 “ize 205/55R16 IRTT
Avg Min Max Jtd Avg Min Max *td
AC11VS gl 0.00603  0.00600  0.00610 0.00005 0.00610  0.00608  0.00612  0.00002
AC11VS g2 0.00622  0.00619  0.00625 0.00003 0.00618  0.00616  0.00620  0.00002
AC11VS dl 0.00616  0.00609  0.00623 0.00007  0.00620  0.00617  0.00623  0.00003
ACI11VS d2 0.00617  0.00615  0.00619 0.00003 0.00627  0.00625  0.00629  0.00002
SMASS gl 0.00631  0.00628  0.00633 0.00002 0.00633  0.00630  0.00636  0.00003
SMASS g2 0.00616  0.00613  0.00618 0.00002 0.00624  0.00622  0.00626  0.00002
SMASS g3 0.00629  0.00624  0.00634  0.00004 0.00615  0.00613  0.00617  0.00002
SMASS d1 0.00634  0.00627  0.00638 0.00005 0.00635  0.00632  0.00638  0.00003
SMASS d2 0.00628  0.00622  0.00634  0.00006 0.00624  0.00622  0.00626  0.00002
SMASS d3 0.00616 ~ 0.00614  0.00619 0.00002 0.00615  0.00613  0.00617  0.00002

Figure 7 presents the results of the resistance to scuffing, expressed as cumulative
mass loss (%) after successive loading cycles. For all tested mixtures, cumulative mass loss
increased progressively with the number of loading cycles, indicating gradual surface
degradation without abrupt failure.

In terms of mixture type, the results indicate that dense-graded AC mixtures gener-
ally exhibited equal or lower cumulative mass loss compared to SMA mixtures after 50
loading cycles. The cumulative mass loss of AC mixtures ranged from 0.061% to 0.096%
for granite aggregate and from 0.078% to 0.085% for dolomite aggregate. In comparison,
SMA mixtures showed a wider range of mass loss values, ranging from 0.067% to 0.138%
for granite aggregate and from 0.053% to 0.211% for dolomite aggregate. The surface con-
dition of the tested specimens after the scuffing test is presented in Figure 8 (SMA 8 S) and
Figure 9 (AC 11 VS).

The type of aggregate had a noticeable influence on scuffing resistance for both types
of mixtures. Granite-based mixtures generally exhibited lower cumulative mass loss and
more stable degradation trends compared to the corresponding dolomite-based mixtures.
In contrast, dolomite mixtures showed a steeper increase in mass loss with an increasing
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number of loading cycles, particularly for SMA mixtures, suggesting a higher susceptibil-
ity to surface abrasion under repeated shear loading.

The influence of the number of loading cycles was evident for all mixtures, as cumu-
lative mass loss increased monotonically from 10 to 50 cycles. However, the rate of in-
crease differed between the mixture and aggregate types. AC mixtures exhibited a more
gradual increase in mass loss, while some SMA mixtures, especially those containing do-
lomite aggregate, showed accelerated degradation at higher cycle numbers.

0.25
0.2
2
5 0.15
wn
2
2
< o1
0.05
0

AC11VS g1AC11VS g2 AC11VS  AC11VS SMASS g1 SMASS g2 SMASS g3 SMASS d1 SMASS d2 SMASS d3
d1 d2

Mass loss after 10 cycles (%)  Mass loss after 20 cycles (%)  Mass loss after 30 cycles (%)
Mass loss after 40 cycles (%) © Mass loss after 50 cycles (%)

Figure 7. Resistance to scuffing.

Figure 8. SMA 8 S specimens after resistance to scuffing testing.
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Figure 9. AC11VS specimens after resistance to scuffing testing.

Overall, the results of the scuffing resistance demonstrate that the gradation of the
mixture and the type of aggregate jointly influence the surface durability. In contrast to
prevailing findings in the literature, the present results suggest that dense-graded AC
mixtures may achieve scuffing resistance equal to or exceeding that of SMA mixtures, es-
pecially when granite aggregates are incorporated. All tested mixtures exhibited low cu-
mulative mass loss values, confirming their suitability for wearing course applications
under the investigated laboratory conditions.

4. Conclusions

This investigation focused on the impact of mineral aggregate selection (granite ver-
sus dolomite) and particle size distribution on the rolling resistance behaviour and func-
tional properties of WMA compositions, namely AC 11 VS and SMA 8 S. The principal
conclusions derived from the experimental programme are summarised below:

o All tested WMA mixtures achieved satisfactory volumetric properties. The AC mix-
tures exhibited higher bulk density values (2.378-2.406 Mg/m?) and reduced air void
content (1.4-2.4%) compared to SMA mixtures, which showed lower bulk density
(2.321-2.412 Mg/m?) and increased air void levels (2.2-3.5%), consistent with their
gap-graded internal structure and elevated binder proportion. Aggregate type influ-
enced compaction behaviour: mixtures containing dolomite generally showed
slightly higher density and lower air voids than corresponding granite mixtures, alt-
hough all values remained within acceptable ranges for wearing course applications.

e All mixtures demonstrated adequate resistance to moisture-induced damage, with
ITSR values exceeding the minimum requirement of 90%. ITSR values ranged from
93.2% to 99.2%, with AC mixtures generally exhibiting higher values than SMA mix-
tures. Granite-based mixtures tended to show slightly higher ITSR values compared
to dolomite-based mixtures; however, the observed differences were moderate, and
all mixtures met the requirements for water sensitivity.

e  Surface macrotexture, expressed as mean profile depth (MPD), was primarily gov-
erned by aggregate gradation. The SMA mixtures exhibited higher MPD values
(0.53-0.71 mm) than the AC mixtures (0.35-0.43 mm). The aggregate type had a sec-
ondary influence, as granite mixtures generally showed slightly higher MPD values
than dolomite mixtures. Nevertheless, all measured macrotexture values were within
the ranges typical for an asphalt wearing course.
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e All evaluated mixtures exhibited low rolling resistance, with energy loss coefficients
varying between 0.00603 and 0.00635 depending on the mixture composition and tire
type, while the influence of aggregate type was present but relatively minor. Dense-
graded AC mixtures generally exhibited lower rolling resistance values than SMA
mixtures, which is consistent with their smoother surface texture. The type of aggre-
gate had a minor but observable influence: Granite-based mixtures tended to show
slightly lower rolling resistance than the corresponding dolomite-based mixtures,
while aggregate gradation remained the dominant factor controlling rolling re-
sistance performance. Similar trends were observed for both tested tyres, confirming
a consistent mixture ranking.

e  The resistance to scuffing (ravelling) was influenced by the type of mixture, the type
of aggregate, and the number of loading cycles. Dense-graded AC mixtures generally
exhibited equal or lower cumulative mass loss than SMA mixtures after 50 loading
cycles. The cumulative mass loss of AC mixtures ranged from 0.061% to 0.096%,
while SMA mixtures showed a wider range of values (0.053% to 0.211%), depending
on aggregate type and gradation. Granite-based mixtures generally exhibited lower
mass loss than dolomite-based mixtures for both AC and SMA types. For all mix-
tures, cumulative mass loss increased progressively with increasing number of cy-
cles; however, SMA mixtures showed a more pronounced increase in mass loss com-
pared to AC mixtures, indicating higher sensitivity to repeated shear loading under
the applied laboratory conditions.

Overall, the results demonstrate that aggregate gradation is the dominant factor in-
fluencing the functional performance of WMA mixtures, particularly surface macrotex-
ture and rolling resistance, while aggregate type plays an important supporting role. The
differences between granite and dolomite aggregates were secondary compared to those
induced by the gradation and structure of the mixture, although the type of aggregate
influenced the compaction, the resistance to moisture, the rolling resistance, and the re-
sistance to surface wear.

The application of WMA technology enabled reduced production temperatures with-
out compromising volumetric properties, moisture resistance, rolling resistance, or re-
sistance to scuffing, confirming the suitability of WMA for low-rolling-resistance pave-
ment design.

In conclusion, properly designed WMA mixtures can achieve low rolling resistance
while maintaining adequate durability and surface performance. The combined optimi-
zation of aggregate gradation and aggregate type provides an effective approach for de-
veloping energy-efficient wearing course pavements.

Although both types of aggregate met the relevant requirements, mixtures incorpo-
rating granite aggregate generally exhibited more favourable overall behaviour, including
slightly lower rolling resistance, more stable resistance to scuffing, and marginally im-
proved moisture resistance. Therefore, granite aggregate may be considered a preferred
option where functional performance and long-term durability of the surface are critical.

Further investigation is recommended to verify field performance and assess the
long-term behaviour of low-rolling-resistance mixtures manufactured with WMA under
real operating and climatic conditions.
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