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ABSTRACT
The influence of different aggregate skeleton matrices, as well volumetric
composition and mixture stiffness, on the resistance of SMA to permanent
deformation was assessed. Nine SMA withdifferent optimised aggregate
skeleton matrices, studied elsewhere, were now evaluated to permanent
deformation with wheel tracking. The results were statistically analysed
concerning relationship withspecimens’ volumetric characteristics, Mar-
shall properties and mixture stiffness. Aggregate skeleton optimised with
the dry rodded compaction tend to produce asphalt mixtures similar to
SMA designedwith pre established grading envelopes. SMA with aggre-
gate skeleton optimised with Proctor and steel roller compaction showed
higher coarse aggregates and binder contents, and thus, it is expected
abetter cracking resistance and durability for the same level of resistance
to permanent deformation. Statistical analysis shows that the new pro-
posed property (ratio between binder film thickness andporosity) and,
ratio between Marshall stability and flow had the best correlations with
permanent deformation properties.
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Introduction

Stone mastic asphalt (SMA) has been, through decades, directly linked to the concept of stone-
on-stone in the coarse aggregate mixture (Blazejowski, 2011; Brown & Cooley, 1999; Chelovian &
Shafabakhsh, 2017; Lavin, 2003), the same way stone-on-stone effect has been linked to asphalt mix-
tures with higher resistance to permanent deformation (Austroads, 2009; Huber, 1999; Muraya, 2007;
Pasetto & Baldo, 2014). However, what is meant with stone-on-stone effect, traditionallymentioned in
the literature? Several studies address this topic, namely, through different packingmodels (Moghad-
dam & Baaj, 2018; Roquier, 2019), multi-supporting framework models (Cheng & Qin, 2019; Zhao,
2005), or multi-scale modelling (Ling & Bahia, 2020). Yet, do all SMA with a good performance, have a
stone-on-stone effect? And what aggregate skeleton matrix produces the best results?

The aimof the stone-on-stone concept developed initially by Brownet al. (1998) and later standard-
ised in AASHTOMP8 and AASHTO PP41 is to enable an asphalt mixture with a stable coarse aggregate
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skeleton matrix that contributes for a higher resistance to permanent deformation. However, this
approach alone does not lead a user to ensure: (i) an optimumstone-on-stone effect (optimised coarse
aggregate content, since dry-rodded compaction is used) and, (ii) an optimum mastic-within-stone
(volume and composition) for the correspondent air voids, which contribute to optimise SMA global
performance and durability, and not just the resistance to permanent deformation.

In addition, it is widely accepted that the coarse aggregates have a major influence on the resis-
tance to permanent deformation, yet, what are the aggregate dimensionswithin the coarse aggregate
mixture that play the most important role? This question addressed by Zhang et al. (2019) shows that
the aggregates retained on sieve sizes of 2.36 and 4.75mm (normally used as breakpoint sieves in the
stone-on-stonedesign) can contribute tomore than 50% in the traffic load resistance. However, aggre-
gates retained in the sieve sizes between 0.3 and 1.18mm can providemore than 50% contribution to
stabilise the stone-on-stone structure.

Furthermore, the resistance to permanent deformation depends on the individual properties of the
aggregates, bitumen and additives, as well as, their interaction within the SMA.

Properties related with the aggregate shape (Jaya et al., 2014; Pan et al., 2006), or binder content
and porosity (Garba, 2002; Mirzahosseini et al., 2013; Nahi et al., 2014) have been reported to have a
significant influence on the resistance to permanent deformation. In another study, Jiang et al. (2017)
showed that the binder properties could play a relevant role together with the gradation type or nom-
inal maximum aggregate size. This conclusion is noteworthy due to the higher binder content usually
used in the SMA, whose effect on permanent deformationwill be amplified with the temperature. The
interaction between the SMA constituents will be significantly ruled by the temperature, as studied
by Hussan et al. (2019), comparatively to other properties such as, aggregates flakiness index, bitu-
men penetration and coarse aggregates content. Similar trend has also been reported by Ljubic and
Prosen (2004) about the influence of bituminous mastic in the resistance to permanent deformation.
This study concluded that the content of bituminous mastic is of primary importance for the resis-
tance of SMA to permanent deformation. Too low or too high content has a great influence on that
resistance, especially when compared to conventional mixtures (asphalt concrete, AC).

Therefore, new studies have been developed concerning (Miranda, 2016; Miranda et al. 2019,
2020): (1) a new laboratory aggregate compaction method to optimise the coarse aggregate skele-
ton, which takes into account the aggregate breakage obtained in the field; (2) a new analytical SMA
mix design approach. These complementary studies have contributed to address some of the limi-
tations of existing SMA mix design methods, based on the stone-on-stone effect, introducing a new
‘mastic-within-stone’ concept. The aim of the ‘mastic-within-stone’ concept developed by Miranda
(2016) is to enable adequate bituminous mastic that contributes to improve the SMA global perfor-
mance and durability. This concept together with the stone-on-stone concept, intends to work as a
user guidance tool, that for anoptimumaggregate skeletonmatrix previously evaluated, allows topre-
dict automatically the performance of a SMA during the mix design procedure (previously to asphalt
mixture laboratory tests). This guidance tool is based on the properties and volumetric composition
of each individual material used in the SMA.

To answer some of the previous concerns, the study presented in this article focused on the
evaluation of the resistance of SMA to permanent deformation, concerning the influence of:

• Aggregate skeleton matrix obtained by different design methods studied in Miranda (2016) and
described in Miranda et al. (2019, 2020): (i) recipe method with pre-established grading envelopes
for grading selection (no skeleton matrix optimisation); (ii) optimisation procedure with manually
dry-rodded method; (iii) newmethod using Proctor compaction (55 blows per each layer in a total
of 5 equal layers) and (iv) newmethod using a steel roller compaction.

• Different volumetric composition (stone-on-stone and mastic-within-stone), Marshall properties
and mixture stiffness for relationship establishment (statistical analysis).

• Different SMA aggregate natures and sizes.
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It must be stated that this study is part of a broader research (Miranda, 2016) and deals specifically
with the results obtained during the third stage, related with the evaluation of the resistance of SMA
to permanent deformation.

Rawmaterials and test methods

Rawmaterials

NineSMAwithnominalmaximumaggregate sizes 11, 12 and14mmwereused. Table 1 shows theSMA
identification and composition: aggregate nature; binder type and content; fibber content (bitumen
coated cellulose fibber pellets).

Within a given SMA, the usedmaterials were the same (aggregates nature, binder and fibber type),
but different aggregatemix compositions were used, as well as different binder contents. Themethod
used for mix designed was the one proposed by Miranda (2016), which is schematically represented
in Figure 1.

The first phaseof thedevelopedSMAmixdesignmethod (Mirandaet al., 2019) addressed thecoarse
aggregate skeleton matrix optimisation, using different aggregate compaction methods (Miranda
et al., 2020). Thus, aggregate mix compositions were obtained with these methods (Figure 2), among
which the following stand out: conventional recipe method with pre-established grading envelopes
for grading selection (Gr); manual compaction with dry-rodded (Drc), consisting in applying 25 blows

Table 1. SMA identification and composition.

SMA ID Aggregate nature Binder type Binder content (%) Fibber content (%)

S11-Gr Basalt PMB 45/80-65 5.8 0.5
S12-Gr 5.5 0.4
S12-Drc 5.5 0.5
S12-Pro Granodiorite PMB 45/80-55 6.5 0.5
S12-Ro 6.5 0.5
S14-Gr/Drca 6.0 0.5
S14-Pro/Ro Basalt PMB 45/80-65 7.0c 0.7
S14-Pro/Ro1b 6.5 0.6
S14-Gr1 Granite PMB 45/80-65 6.0 0.4
aSMA designed according to a grading envelope, equivalent to a SMA designed with dry-rodded manual com-
paction.

bSMA designed according to Proctor compaction, equivalent to a SMA designed with steel roller compaction.
c0.5% above optimum binder content.

Figure 1. SMA design method used in the study.
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Figure 2. Aggregate compaction methods.

per layer in a total of 3 layers; Proctor compaction (Pro), applying 55 blows (4.54 kg) per layer in a total
of 5 layers; and steel roller compaction (Ro) using 15 rolling cycles with vibration.

Phase 2 of the new design method (Miranda et al., 2019) aims at the volumetric selection of the
remaining SMAmaterials (mastic-within-stone) and porosity. This volumetric composition is based on
the coarse aggregate volume evaluated in phase 1 (whose content in the asphalt mixture depends
on the compaction method used). The aggregate skeleton matrix (type stone-on-stone) is obtained
when the air void volume in the coarse aggregate of a compacted SMA (VCAMIX) is approximately the
same as the air void volume in the compacted skeleton of coarse aggregates (VCA) compacted in the
laboratory by one of the methods used in phase 1.

Table 2 presents the VCA from coarse aggregate specimens (material retained in breakpoint sieve
equal to 4mm) prepared by the different compaction methods.

Moreover, Figures 3 and 4 show, respectively, the SMA grading curves and aggregate skele-
ton matrix obtained for each SMA evaluated in this study concerning the resistance to permanent
deformation.

All SMA produced in this study, except the S12-Gr, visually (Figure 4) show a good stone-on-stone
effect, independently of coarse aggregate skeleton matrix optimisation previously made in Miranda
et al. (2019).

Performance test programme

Resistance to permanent deformation was evaluated with wheel tracking tests on conventional and
optimised stone-on-stone SMA mixes. The tests were performed according to the procedure B in air,
as per in EN 12697-22 (SSD – Small Size Device), on prismatic specimens with 300mm × 300mm ×
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Table 2. Air voids content in the coarse aggregate.

Aggregate compaction method Aggregate nature Air voids content (VCA, %)

Dry-rodded (Drc)a Granodiorite 43.0
Basalt 42.0
Granite 43.1

Proctor (Pro)b Granodiorite 37.5
Basalt 38.9
Granite 36.3

Steel roller (Ro)c Granodiorite 36.1
Basalt 40.5
Granite 41.7

a25 blows per layer in a total of 3 layers, manual procedure.
b55 blows (4.54 kg) per layer in a total of 5 layers.
c15 rolling cycles with vibration.

Figure 3. SMA grading curvesy.

Figure 4. SMA aggregate skeleton matrix.

50mm produced by laboratory steel roller compactor and conditioned at 60°C. Maximum rut depth
(RDAIR), maximumwheel tracking slope (WTSAIR) andmaximum proportional rut depth (PRDAIR), were
evaluated after 10,000 load cycles.
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In addition, Marshall and stiffness tests carried out by Miranda (2016) on the same SMA mixes
used in this study were considered. The mixes Marshall stability, flow and Quotient were evaluated
according to EN 12697-34 test method. The stiffness of these mixes was determined using four-point
bending test on prismatic specimens (4PB–PR), according to the method described in the Annex B of
EN 12697-26.

Volumetric composition

A statistical analysis was carried out in order to evaluate the relationship between the resistance of
SMA to permanent deformation (RDAIR, WTSAIR, PRDAIR) and specimen’s volumetric characteristics
according to Pearson’s product-moment correlation.

The analysis considers also binder film thickness (BFT), calculated according to the method
described in Shell (2015) and a new property, herein, represented by the ratio between binder film
thickness (BFT) and porosity (Vv) in the compacted SMA.

In theory, for each SMA it is expected that an optimum binder film thickness will lead to an opti-
mised resistance topermanentdeformation.However, this resistance is alsodependent, namely, of the
porosity obtained in the compacted SMA. Therefore, it is proposed that the resistance to permanent
deformation can be optimised through the ratio between BFT and VV (Figure 5).

According to Figure 5, a specific ratio between binder film thickness and porosity should be used
in order to optimise resistance to permanent deformation, represented by the red dot.

Packing characteristics of the designed SMA were also analysed by means of the three ratios spec-
ified in Bailey method (Vavrik et al., 2001; Vavrik et al., 2002; Voskuilen, 2000): the coarse aggregate
particles ratio (CAratio); the fine aggregate coarse particles ratio (FAcratio); and the fine aggregate fine
particles ratio (FAfratio). The three ratios can be calculated using the following equations:

CAratio = % passing half sieve - % passing PCS
100%- % passing half sieve

(1)

PCS is the primary control sieve defined as the closest sieve to the numerical result obtained with the
equation:

PCS = 0.22 NMPS (2)

NMPS is the nominal maximum particle size (sieve larger than the first sieve that retains more than
10%).

FAc ratio =
% passing SCS
% passing PCS

(3)

Figure 5. Proposed optimisation of resistance to permanent deformation as a function of BFT/Vv.



ROADMATERIALS AND PAVEMENT DESIGN 7

Table 3. Statistical analysis of SMA properties.

SMA Property Property ID Transformation

Volumetric Nominal maximum aggregate size D -
Coarse aggregate content CA Square root
Fine aggregate content FA Square root
Filler content F -
Binder content B -
Ratio between filler and binder F/B -
Binder film thickness BFT -
Ratio between binder film thickness and porosity BFT/Vv -
Porosity Vv -
Volume of binder Vb -
Air voids in the aggregate structure VMA -
Air voids filled with binder VFB -

Packing characteristics (Bailey
method)

Percentage passing in the primary control sieve PCS Square root

Coarser aggregate particles ratio CA ratio -
Fine aggregate coarse particles ratio FAcratio -
Fine aggregate fine particles ratio FAfratio -

Marshall Stability S -
Flow f -
Ratio between stability and flow Q Square root

Performance Stiffnessa E Square root
Maximum rut depth, in air RDAIR Inverse
Maximumwheel tracking slope, in air WTSAIR -
Maximum proportional rut depth, in air PRDAIR Inverse

aTests were performed, inMiranda (2016), according to the four-point bending test procedure described in the EN 12697-26, except
for mixtures S12-Drc, S14-Pro/Ro and S14–Gr1 due to material restriction. The stiffness tests were performed under controlled
strain, using a 10 Hz sinusoidal load, at 20°C.

SCS is the secondary control sieve, obtained by multiplying the PCS by the 0.22 factor.

FAf ratio =
% passing TCS
% passing SCS

(4)

TCS is the tertiary control sieve (TCS), obtained bymultiplying the SCS by the 0.22 factor. The statistical
analysis was, moreover, complemented with Marshall properties and mixture stiffness derived from
Miranda (2016) for the same SMAmixes used in this study.

Table 3 shows the SMA properties and their denominations used in the analysis.
Properties in Table 3 were tested for linear relationship between variables, significant outliers and

normality (transformations were applied when required). Furthermore, a correlation rank was estab-
lished between listed SMAproperties and: (i)maximum rut depth (RDAIR), (ii) maximumwheel tracking
slope (WTSAIR) and, (iii) maximum proportional rut depth (PRDAIR), evaluated according to the test
method previously described.

Results

This section presents the experimental testing results considering SMA with different coarse aggre-
gate skeletons, resulting from the optimisation developed in Miranda et al. (2019). Table 4 shows the
SMAvolumetric properties and aggregate packing characteristics results derived fromdifferent coarse
aggregate optimisationmethods used inMiranda et al. (2019). In addition, Table 5 shows theMarshall
results and Table 6 and Figure 6 show the permanent deformation and mixture stiffness results.

A Pearson’s product-moment correlation was run to assess the relationship between the multiple
SMA properties (Table 3) and: (i) RDAIR, (ii) WTSAIR and (iii) PRDAIR.

Preliminary analysis showed the relationship to be linear with variables normally distributed, as
assessed by Shapiro-Wilk’s test (p > 0.05), and there were no outliers. Table 7 and Figures 7 and 8
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Table 4. SMA volumetric properties and coarse aggregate packing characteristics.

Bailey method

SMA ID

Binder
contenta

(%)

CA
contentc

(%)

FA
contentd

(%)

Filler
contente

(%) F/B BFT (μm)
VCAMIX
/VCA CA ratiof FAc ratiog FAf ratioh

S11-Gr 5.8 72.1 15.0 6.6 1.1 11.5 0.92 0.11 0.66 0.63
S12-Gr 5.5 58.3 28.9 6.9 1.2 9.1 1.11 0.29 0.54 0.58
S12-Drc 5.5 65.9 19.8 8.3 1.5 7.9 0.95 0.24 0.68 0.72
S12-Pro 6.5 71.4 13.6 8.0 1.2 9.7 0.99 0.21 0.80 0.77
S12-Ro 6.5 73.2 11.6 8.2 1.3 9.7 0.99 0.19 0.84 0.78
S14-Gr/Drc 6.0 68.2 17.0 8.3 1.4 9.0 1.00 0.26 0.70 0.70
S14-Pro/Ro 7.0b 72.8 11.4 8.1 1.2 10.7 0.98 0.23 0.79 0.81
S14-Pro/Ro1 6.5 73.1 12.9 6.9 1.1 11.3 0.97 0.24 0.72 0.78
S14-Gr1 6.0 72.8 11.6 9.2 1.5 8.9 0.83 0.25 0.77 0.85

Abbreviations: CA: coarse aggregate; FA: fine aggregate; F/B: ratio between filler and binder; BFT: binder film thickness; VCAMIX/VCA:
ratio between the air void volume in the coarser aggregate of a compacted SMA and the air void volume in the compacted skele-
ton of coarser particles; CA ratio: coarser aggregate particles ratio; FAc ratio: fine aggregate coarse particles ratio; FAf ratio: fine
aggregate fine particles ratio.

aoptimum binder content.
b0.5% above optimum binder content.
cparticles with dimension equal or higher than the breakpoint sieve 4mm.
dparticles with dimension between breakpoint sieve 4mm and sieve 0.063mm.
eparticles with dimension bellow sieve 0.063mm.
frecommended range: 0.25–0.40.
grecommended range: 0.60–0.85.
hrecommended range: 0.60–0.85.

Table 5. Marshall results.

Specimen’s volumetric properties Marshall properties

SMA ID Vv (%)
Vb
(%)

VMA
(%)

VFB
(%) BFT/Vv

Stability,
S (kN)

Flow, f
(mm)

Ratio Sta-
bility/Flow,
Q (kN/mm)

S11-Gr 3.4 14.2 17.7 80.5 3.7 12.3 3.8 3.3
S12-Gr 3.1 13.1 16.2 80.6 3.2 15.9 5.1 3.1
S12-Drc 2.0 13.0 15.0 86.7 4.3 14.5 4.9 3.0
S12-Pro 3.4 15.1 18.6 81.6 3.0 11.7 3.9 3.0
S12-Ro 3.5 15.1 18.7 80.8 2.9 9.6 3.6 2.7
S14-Gr/Drc 2.8 14.8 17.7 83.6 3.3 9.4 6.5 1.5
S14-Pro/Ro 2.2 17.2 19.4 88.7 5.6 10.8 5.1 2.2
S14-Pro/Ro1 3.1 16.0 19.1 84.0 3.7 9.5 3.1 3.0
S14-Gr1 2.9 13.7 16.6 82.7 3.5 8.2 2.4 3.5

Abbreviations: Vv: porosity of the compacted SMA; Vb: volume of binder; VMA: air voids in the aggregate structure; VFB: air voids
filled with binder; BFT/Vv: ratio between binder film thickness and porosity.

present the results of the Pearson correlation coefficients (r) for SMA properties, and rank the five best
correlations.

Discussion

The results of the resistance to permanent deformation are discussed below regarding: (i) the influ-
ence of the aggregate skeleton matrix obtained by different coarse aggregate optimisation meth-
ods, derived from Miranda et al. (2019); and (ii) the statistical relationship with the SMA volumetric
properties, Marshall and stiffness properties.

Influence of the aggregate skeletonmatrix

In Miranda et al. (2019), Proctor (55 blows per each layer, 5 equal layers) showed the best results when
used to: (i) evaluate specimens’ bulkdensities, (ii) stone-on-stoneparticles contact andSMAvolumetric
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Table 6. Permanent deformation and stiffness results.

Specimen’s volumetric properties
Permanent deformation

properties (60°C)
Stiffness (10 Hz,

20°C)

SMA ID Vv (%)
Vb
(%)

VMA
(%)

VFB
(%) BFT/Vv

RDAIR
(mm)

WTSAIR
(mm/103

cycles)
PRDAIR
(%)

Ea

(MPa)

S11-Gr 5.2 14.0 19.2 73.0 2.4 2.4 0.06 4.9 3908
S12-Gr 3.9 13.0 16.9 76.8 2.5 2.3 0.05 4.7 3156
S12-Drc 2.2 13.0 15.1 85.8 3.9 2.5 0.05 5.1 -
S12-Pro 2.6 15.3 17.9 85.5 4.0 3.0 0.09 6.0 3161
S12-Ro 2.9 15.2 18.1 84.2 3.6 2.9 0.10 5.8 3248
S14-Gr/Drc 1.5 15.0 16.5 90.9 6.3 6.0 0.17 12.1 3827
S14-Pro/Ro 2.5 17.2 19.6 87.5 5.0 3.8 0.10 7.5 -
S14-Pro/Ro1 3.2 16.0 19.2 83.5 3.6 2.6 0.07 5.2 3839
S14-Gr1 3.5 13.7 17.2 79.6 2.9 2.3 0.06 4.7 -

Abbreviations: RDAIR: maximum rut depth, in air; WTSAIR: maximumwheel tracking slope, in air; PRDAIR: maximum proportional rut
depth, in air; E: asphalt mixture stiffness.

aResults for statistical analysis propose only in this study, derived from the broader research study developed in Miranda, 2016,
which will be further studied in a specific article.

Figure 6. Wheel tracking results for 10,000 load cycles at 60°C.

properties, as well as (iii), better representation of field results in terms of particle breakage [as studied
by Miranda (2016) and described in Miranda et al. (2020)]. SMA with coarse aggregate optimised with
Proctor and steel roller compaction resulted in asphaltmixtureswithhigher coarse aggregates content
and binder content (around 1.0%), comparatively to SMA designed by recipe method or optimised
with the dry-rodded compaction (Table 4). This led to asphalt mixtures with lower Marshall stability
(S) and flow (f), as shown in Table 5, possibly due to, respectively, the higher binder content used and
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Table 7. Statistical analysis for SMA properties.

RDAIR WTSAIR PRDAIR

SMA property r Rank R Rank r Rank

D −0.455 - −0.428 - −0.449 –
B −0.451 - 0.382 - −0.417 –

CA −0.186 - 0.215 - −0.163 –

FA 0.251 - −0.273 - 0.229 –

F −0.299 - 0.316 - −0.304 –

F/B 0.030 - 0.017 - 0.004 –

BFT 0.008 - −0.023 - 0.031 –

BFT/Vv −0.939b 2 0.878b 2 −0.939b 2

Vv 0.723a 4 −0.642 - 0.719a 4

Vb −0.601 - 0.510 - −0.570 –

VMA −0.048 - 0.019 - −0.020 –

VFB −0.805b 3 0.716a 3 −0.796a 3

Bailey method PCS 0.113 - −0.150 - 0.092 –
CA ratio −0.140 - 0.106 - −0.147 –
FAc ratio −0.330 - 0.344 - −0.305 –
FAf ratio −0.169 - 0.152 - −0.147 –

Marshall method S 0.375 - −0.496 - 0.364 –
f −0.673a 5 0.566 - −0.690b 5
Q 0.963b 1 −0.912b 1 0.966b 1

E −0.243 – 0.233 – −0.251 –

Abbreviations: D: nominal maximum aggregate size; CA: coarse aggregate content; FA: fine aggregate content; F: filler content;
B: binder content; F/B: ratio between filler and binder; BFT: binder film thickness; BFT/Vv: ratio between binder film thickness
and porosity; Vv: porosity of the compacted SMA; Vb: volume of binder; VMA: air voids in the aggregate structure; VFB: air voids
filled with binder; PCS: percentage passing in the primary control sieve; CA ratio: coarser aggregate particles ratio; FAc ratio: fine
aggregate coarse particles ratio; FAf ratio: fine aggregate fine particles ratio; S: stability; f: flow; Q: ratio betweenMarshall stability
and flow; E: asphalt mixture stiffness.

astatistically significant at p < 0.05 level.
bstatistically significant at p < 0.005 level.

Figure 7. Pearson correlation coefficients for SMA volumetric properties with RDAIR, WTSAIR and PRDAIR.

improved stone-on-stone aggregate skeleton matrix. However, the ratio between Marshall stability
and flow (Q), did not showevident differences among the SMAwith distinct coarse aggregate skeleton
matrices. Similar results were attained for the asphaltmixture stiffness (E), as shown in Table 6, without
any evident differences between SMA with distinct aggregate skeleton matrices. The results of Q and
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Figure 8. Pearson correlation coefficients for SMA properties (packing characteristics, Marshall & performance) with RDAIR, WTSAIR
and PRDAIR.

E, may be related, as previously mentioned, to the higher binder content used, which mitigate the
effect of the higher coarse aggregate content, and therefore increase the SMA flexibility.

Nevertheless, despite the differences between properties of the asphalt mixtures studied, the
results in Table 6 show that a good resistance to permanent deformation characterised all SMA. The
exception was S14-Gr/Drc with a RDAIR equal to 6.0mm, probably due to lower porosity, 1.5%.

The best permanent deformation performance was assessed for SMA’s designed according to
recipe method or optimised with dry-rodded compaction. These results highlight the importance of
fine aggregates within the coarse aggregate structure as shown by Zhang et al. (2019). However, this
SMA’s, as shown in Table 4, tend to have lower coarse aggregate content (CA), as well as, lower binder
content (< 6.0%) and VMA (< 17.0%), comparatively to SMA optimised with Proctor and steel roller
compaction. Thus, resulting in asphalt mixtures with thinner binder film coatings. These results may
lead furthermore, to SMAwith reduced performance for other areas such as fatigue ageing resistance
and water sensitivity, and ultimately durability.

Moreover, the resistance to permanent deformation tends to be not significantly affected in SMAs
optimised with Proctor and steel roller compaction, despite the higher binder content used, com-
paratively to SMAs designed by recipe method or optimised with dry-rodded compaction. That is
particularly evident for S14-Pro/Ro which has a binder content 0.5% above the optimum content, as a
result of an improved stone–on–stone aggregate skeleton matrix.

In addition, the resistance to permanent deformation does not appear to be affected by non-
compliancewith the ranges for aggregate ratios (CA ratio, FAcratio and FAfratio) recommend in the Bailey
method (Table 4). Results show that for all asphalt mixtures, except S14-Gr/Drc and S14-Gr1, at least
one of the recommend ranges was not satisfied. Despite that fact, all SMA in Table 6 showed a good
resistance to permanent deformation.

These results demonstrate the importance of: (i) the type of aggregate skeleton matrix (obtained
according to the design method used), (ii) the binder content, and (iii) the porosity, in the resistance
of SMA to permanent deformation.

Statistical relationship with the SMA volumetric properties, Marshall and stiffness properties

The results in Table 7 and Figures 7 and 8 show that the coarse aggregate content (CA) and nom-
inal maximum aggregate size (D) do not show a statistically significant correlation with permanent
deformation properties. Therefore, the use of a higher coarse aggregate content, which contributes to
increase the effect of the stone-on-stone, statistically may not necessarily result on SMA with higher
resistance to permanent deformation, depending on other characteristics of the mix. Additionally,
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according to Table 7, there was a statistically significant, medium to strong correlation between: (i)
Q, (ii) BFT/Vv, (iii) VFB, (iv) Vv, (v) f and RDAIR and PRDAIR, with Q explaining 93% of the variation in
RDAIR and PRDAIR and the least (f) only 45% and 48%, respectively.

When considering WTSAIR only three properties stand out from the remaining, with a statistically
significant, strong correlation between: (i) Q, (ii) BFT/Vv, (iii) VFB andWTSAIR, with Q explaining 83% of
the variation in WTSAIR and the least (VFB) only 51%.

From all the properties analysed in this study, the new property proposed in this study (ratio
between binder film thickness and porosity, BFT/Vv) showed a statistically significant strong corre-
lation with RDAIR and PRDAIR and WTSAIR, explaining 77% of the variation in WTSAIR and 88% in RDAIR

and PRDAIR.
Since there is a very strong correlation between Q (ratio between Marshall stability and flow) and

the permanent deformation properties (91% of the variation inWTSAIR and 96% and 97% in RDAIR and
PRDAIR, respectively), this means that this parameter can be used for a preliminary verification of the
SMA performance with respect to permanent deformation.

Conclusions

In this paper the resistance to permanent deformation of SMA was assessed regarding: (i) the influ-
ence of the aggregate skeleton matrix obtained by different coarse aggregate optimisation meth-
ods, derived from Miranda et al. (2019); and (ii) the statistical relationship with the SMA volumetric
properties, Marshall and stiffness properties.

The results allow to achieve the following main conclusions:

• SMA with coarse aggregate optimised with Proctor did not clearly distinguish itself from the
dry-rodded and steel roller compaction, with respect to the SMA’s resistance to permanent defor-
mation.

• For the studied cases, SMA tended to show a good resistance to permanent deformation with
similar results independently: (i) of the aggregate skeleton matrix design method used, or (ii) of
non-compliance with aggregate ranges recommended in the Bailey method.

• SMA optimised with Proctor and steel roller compaction tended to ensure a higher coarse aggre-
gate content, higher binder content (around 1.0%), andVMA, aswell as a thicker binder film coating
comparatively to SMA designed by recipemethod or optimisedwith dry-rodded compaction. Nev-
ertheless, their resistance to permanent deformation was not significantly affected, despite the
higher binder content.

• The use of a higher coarse aggregate content or nominal maximum aggregate size did not show a
statistically significant correlation with the resistance to permanent deformation.

• Ratio between Marshall stability and flow, as well as, the ratio between binder film thickness and
porosity revealed to have a statistically significant strong correlation with permanent deformation
properties (RDAIR, WTSAIR and PRDAIR).

The research described in this paper corresponds to the third stage of a broader study reported in
Miranda (2016). It regards the evaluation of the resistance to permanent deformation for different SMA
designedaccording to thenewanalyticalmix design approachdescribed inMirandaet al. (2019), using
new aggregate compaction methods described in Miranda et al. (2020) for coarse aggregate skeleton
optimisation.

Finally, the results achieved in this research will contribute to the optimisation of SMA mix design
in order to achieve improved performance in terms of fatigue, ageing resistance, water sensitivity
and durability, without compromising resistance to permanent deformation. The results showed that
stone-on-stone concept should be complemented with a new concept, named in Miranda (2016) as
‘mastic-within-stone’ This new concept intends to contribute for a suitable selection of the bitumi-
nous mastic (volume and composition) in order to optimise not only the resistance to permanent
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deformation, but SMA global performance (mechanical and functional) and ultimately durability.
Further studies are recommended in order to validate the concept for SMA with other constituents.
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