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� SMA design depends on optimisation of stone-on-stone in coarse aggregate skeleton.
� Optimisation depends on breakage and air voids of compacted & uncompacted particles.
� Aggregate compaction methods influences particle packing of coarse aggregates.
� Proctor and roller compactor methods are more representative of field conditions.
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a b s t r a c t

The type of aggregates and their packing characteristics under compaction are key factors for the design
of asphalt mixtures with improved performance, namely, with respect to resistance to permanent defor-
mation. A good example is Stone Mastic Asphalt (SMA), known by its stone–on–stone structure. In the U.
S.A., the aggregate particles packing characteristics in a SMA, specially the stone–on–stone effect, are nor-
mally assessed using the ‘‘manually dry–rodded” method. However, this method may not be representa-
tive of field aggregate particle packing conditions, which may compromise the SMA performance. This
article presents new findings regarding aggregate laboratory compaction methods to optimise the coarse
aggregate structure in a SMA. Particle breakage, bulk density, air voids (compacted & uncompacted skele-
ton) in the aggregate / coarse aggregate were assessed for existing methods as well as for new methods
using existing compactors, but with different procedures and/or specific devices, e.g. Proctor hammer.
The assessed methods were: (1) ‘‘non–compaction”; (2) ‘‘manually dry–rodded” method; (3) established
Proctor compaction; (4) modified Proctor compaction (light and heavy compaction) and (5) steel roller
compaction. The 2 latter ‘‘new methods” aimed at mechanically simulating the dry-rodded method
and the effect of field compactors, respectively. The results highlight that the new laboratory compaction
methods developed with Proctor and steel roller compactor, provide a particle packing that is more rep-
resentative of the field conditions, comparatively to other aggregate compaction methods.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Stone Mastic Asphalt (SMA) exhibits good performance, espe-
cially when applied in wearing courses, due to its high resistance
to rutting [1,2]. A key factor contributing to its improved perfor-
mance is attributed to the aggregate quality [3,4] and the structure
created by the SMA non–continuous gradation [5,6], which pro-
motes stone–on–stone contact in the large size aggregates. How-
ever, to reach a suitable coarse aggregate skeleton, mix design
should not rely exclusively on compositional recipes that focus
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on achieving a volume of mastic (remaining constituents) that is
lower than the air void volume within the coarse aggregates [7].

In order to achieve this goal, several aggregate compaction
procedures have been developed and assessed by the scientific
community, namely those using the following compactors:
dry–rodded compactor [8–10]; Marshall/impact compactor [8,11]
and; gyratory compactor [8,11–16]. These methods ordinarily
intend to determine the fine/coarse aggregate content to be used
in a SMA, minimizing particle aggregate breakage on the coarse
aggregate structure (stone–on–stone), which may not, however,
be representative of what is obtained in the field.

Other authors use different approaches, such as mathematical
modelling with dimensional discrete element methods [17,18,19].

Despite the approach used, in a first stage it is important to
choose a suitable compaction method or calibrated model to deter-
mine the air voids created by coarser aggregates (normally defined
as aggregates with size equal or higher than a ‘‘breakpoint” refer-
ence sieve).

Nowadays, in the U.S.A. the design of SMA (AASHTO M325)
requires the evaluation of the air void content in the coarse aggre-
gates (VCA-DRC) compacted with the dry-rodded compactor
(AASHTO T19 and ASTM C29). In this method, coarse aggregates
are the ones retained in a given breakpoint sieve (defined accord-
ing to nominal maximum aggregate size of the asphalt mixture, D).
This aggregate compaction is also recommended by other volumet-
ric mix design methods, such as the Bailey method [10]. Despite
the dry–rodded compaction being easy to perform and inexpen-
sive, it has, however, two main handicaps: (i) manual compaction
is used, which may compromise repeatability and reproducibility
between tests performed by different technicians or labs; and (ii)
it uses low compaction energy, which may not be representative
of what occurs in the field (particle packing and breakage), as
reported by Brown and Haddock (1997) [8]. Thus, lower com-
paction energy typically promotes the design of SMA with higher
content of fine aggregates (passive particles), rather than coarse
aggregates (active particles). This results in SMA with lower resis-
tance to permanent deformation as reported in Austroads (2013)
[20].

In this context, a study on alternative aggregate compaction
methods that could provide enhanced SMA design was carried
out. Besides the established ‘‘manually dry–rodded” method, the
following laboratory methods for compaction of the coarse aggre-
gates were assessed:

(1) ‘‘non-compaction”, i.e. the voids characteristics of the loose
coarse aggregates inside a container of known volume were
considered;

(2) manually dry–rodded method;
(3) Proctor compaction, both applying the original standard

effort (light compaction) and applying the modified effort
(heavy compaction);

(4) Proctor compaction with modified rammer, simulating the
dry-rodded method, but performed mechanically with Proc-
tor compactor (developed within the present study);

(5) compaction of the coarse aggregates using the ‘‘steel roller
compactor” (which also consisted in a new method, since
it is currently used only for asphalt mixtures).

The present paper describes the above-referred study and high-
lights suitable aggregate compaction methods for laboratory opti-
misation of the contact between coarse aggregates, used for further
design of SMA (asphalt mixture) [21].

This study was validated using diverse aggregate types (e.g. dif-
ferent natures) combined with different preparation and com-
paction methods. Additionally, samples of two different SMA
used in actual road pavements were collected and studied. The val-
idation was also complemented with: (i) the ratio range specified
in Bailey method for SMA mix design to achieve stone-on-stone
contact between coarse aggregates, as well (ii) the range of air void
content (VCA) in the coarse aggregates reported by Nicholls (1998)
[22] and Drueschner (2005) [23] to ensure adequate space for mas-
tic after SMA compaction.

This study is part of a broader research regarding the first stage
of the development of a new SMA mix design approach [24]. In
fact, an adequate framework for SMA mix design should ensure
the most suitable stone-on-stone effect between the aggregates
in order to minimize particle aggregate breakage and to optimize
the mastic volume inside the space provided by coarse aggregates.
So, the determination of bulk density and air void content of the
coarse aggregates through the most adequate compaction method,
representative of field conditions, is essential. The results of the
second stage, regarding the design of the asphalt mixtures, can
be found elsewhere [21].
2. Materials and research methodology

The laboratory tests were conducted on crushed aggregates
commonly used in Portugal: granodiorite (0/4, 6/10 mm), basalt
(4/12 mm), and granite (0/5, 6/16 mm).

Furthermore, the granodiorite and basalt aggregates were used
for two asphalt mixtures (SMA 12, SMA 14, respectively) that were
applied in two actual road pavements in Portugal. Asphalt samples
were collected from both pavements after construction and
directly from the paver for further study in the laboratory.

Tables 1 and 2 show the physical properties and the gradation
of the materials used in this study, respectively. Moreover, for each
aggregate fraction in Table 2, different coarse aggregate fractions
were sieved, as portions of the total aggregate blends retained in
different breakpoint sieves (2 mm, 4 mm and 4.75 mm). The break-
point sieve (BP) is considered as a boundary sieve for SMA mix-
tures, from which the coarse skeleton starts, depending on the
maximum aggregate size of the asphalt mixture, D [25].

In this study, the breakpoint sieves (Table 3) were defined with
reference to the sieve sizes specified for SMA in the European Stan-
dard (EN 13108–5) using the ratio between the BP and D (nominal
maximum size) recommended for a SMA mixture, both in the
method described in AASHTO M325 standard and in the Bailey
method. According to Vavrik (2000) [26], the BP/D ratio can range,
in a 2D analysis, from 0.16 (no crushed faces) to 0.29 (all crushed
faces) and, in a 3D analysis, from 0.15 (hexagonal structure) to
0.42 (cubic structure).

As shown in Table 3, the breakpoint sieves selected for this
study have a ratio in relation to D, BP/D, between 0.28 and 0.32,
which is within the range obtained by AASTHO M325 and Bailey
methods. However, the use of breakpoint sieves with lower mesh
dimension (European sieves: 2 mm and 4 mm) compared to
AASHTO M325 (American sieves: 2.36 mm and 4.75 mm) will con-
tribute for the design of SMA with lower permeability, as studied
by Cooley and Brown (2003) [27]. The use of a breakpoint sieve
with dimension equal to 4 mm instead of 4.75 mm, as used in
the U.S.A., intends to adapt the breakpoint sieve concept to Euro-
pean conditions.
2.1. Research methodology

The particle packing characteristics to optimise the contact
between coarse aggregates, were evaluated according to the exper-
imental programme presented in Table 4 for different compaction
methods.

The testing program included the following assessment for
aggregates: (i) bulk density of a compacted aggregate structure



Table 4
Experimental programme.

Aggregate laboratory compaction method Rammer mass(kg) Number of layers & number
of blows per each layer

Aggregate portion Aggregate type

Granodiorite Basalt Granite

Non-compaction – 1 / - Fraction
BP 2 mm
BP 4 mm
BP 4.75 mm

&

&

&

&

&

&

&

Dry-rodded Manual 3 / 25 Fraction
BP 2 mm

BP 4 mm
BP 4.75 mm

&

&

&

&

&

&

&

Proctor 2.49 3 / 25 Fraction
BP 2 mm
BP 4 mm

BP 4.75 mm

&

&

&

& &

2.49 3 / 50 BP 4 mm &

2.49 3 / 75 BP 4 mm &

4.54 5 / 55 BP 4 mm & & &

Proctor modified rammer 2.49 3 / 25 BP 4 mm & & &

Steel roller (with vibration) – 1 / 15 Fraction
BP 2 mm
BP 4 mm
BP 4.75 mm

&

&

&

&

&

&

&

Notes: Fraction – refers to the total aggregate blend (coarse, fine and filler) without any material sieving removal; BP – Breakpoint sieve; BP 2 mm – coarse aggregate portion
of the total aggregate blend retained on the sieve with mesh equal to 2 mm; BP 4 mm – coarse aggregate portion of the total aggregate blend retained on the sieve with mesh
equal to 4 mm; BP 4.75 mm – coarse aggregate portion of the total aggregate blend retained on the sieve with mesh equal to 4.75 mm.

Table 2
Aggregate fractions/asphalt mixture gradations.

Aggregate fraction & mixture Sieve (mm) / Percentage passing by mass

20 16 14 12.5 10 8 6.3 4 2 1 0.500 0.250 0.125 0.063

0/4 mm
6/10 mm
4/12 mm
0/5 mm
6/16 mm

-
-
-
-
-

-
-
100
-
100

-
-
98
-
88

-
100
93
-
80

-
80
51
-
56

-
45
22
-
36

-
16
7
100
18

100
4
1
82
5

77
3
1
57
3

46
3
1
39
2

29
3
1
27
2

19
3
1
19
1

13
2
1
13
1

11.0
1.7
0.6
8.6
0.6

SMA 12 - - - 100 87 65 46 38 30 21 16 13 9 7.3
SMA 14 100 99 91 78 59 48 39 27 23 19 16 14 11 8.9

Table 1
Aggregate properties.

Test 0/4 mm(Granodiorite) 6/10 mm(Granodiorite) 4/12 mm(Basalt) 0/5 mm(Granite) 6/16 mm(Granite)

Particle shape, FI (%)
Los Angeles, LA (%)
Micro Deval, MDE (%)
Polished stone value, PSV (%)
Water absorption, WA24 (%)
Specific gravity (Mg/m3)

-
-
-
-
WA241
2.615

FI10
LA20

MDE10
PSV44

WA241
2.723

FI15
LA15

MDE10
PSV50

WA241
2.968

-
-
-
-
WA241
2.680

FI20
-
-
PSV44

WA241
2.667

Table 3
Breakpoint sieve.

D, nominal maximum aggregate size (mm) AASHTO M325 Bailey method European sieves Selected breakpoint sieve,
BP (mm)

BP
(mm)

Ratio BP/D BP
(mm)

Ratio BP/D BP
(mm)

Ratio BP/D

14
12 (12.5)

4.75
4.75

0.34
0.38

2.36
2.36

0.17
0.19

2/4/5.6
2/4/5.6

0.14/0.28/0.40
0.16/0.32/0.45

4
4

Notes: D – nominal maximum aggregate size; BP – Breakpoint sieve
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and its relation with the loose bulk density; (ii) air void content in
the uncompacted/compacted aggregates (VCA), and (iii) particle
breakage, determined from the increment of particles passing the
breakpoint sieve 4 mm due to compaction. Furthermore, the parti-
cle breakage was also validated for granodiorite and basalt aggre-
gates further used in field SMA mixtures (SMA 12 and SMA 14,
respectively). Validation was determined using aggregates
obtained after incineration of asphalt samples collected from pave-
ments after construction (Fig. 1). Particle breakage was calculated
from the increment of particles passing the selected breakpoint



SMA 12 SMA 14 

Fig. 1. Compacted samples of asphalt mixture collected from the pavement.

SMA 12 

Fig. 2. Uncompacted sample of asphalt mixture collected directly from the paver.
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sieve (4 mm) comparatively to the initial gradation defined in the
mix design.

The same procedure was used for the samples of asphalt mix-
ture (SMA 12) collected directly from the paver, in order to evalu-
ate particle breakage prior to compaction (Fig. 2).
2.2. Aggregate compaction methods

2.2.1. Non-compaction method
The non-compaction method was performed with the proce-

dure per in the European standard EN 1097–3. The samples of
aggregate are dried in the oven to a constant mass. The individual
samples (three) must be 125% to 150% of the amount that fits in
the cylindrical container (diameter of 170 mm; height of
240 mm), for which the volume was previously determined. The
container is filled with aggregates till overflowing, after which
the excess of aggregates is removed and the surface is levelled off.

For each uncompacted sample, its loose bulk density (qNC) was
calculated using the equation:

qNC ¼ m2 �m1

V
ð1Þ

qNCis the loose bulk density (Mg/m3);
m1is the mass of the cylindrical container (kg);
m2is the mass of the cylindrical container and uncompacted

aggregates/coarse aggregates (kg);
V is the internal volume of the cylindrical container (L).
For each uncompacted sample, its air void content in the aggre-

gates/coarse aggregates (VCANC) was calculated using the equation:

VCANC ¼ qp � qNC

qp
� 100 ð2Þ

VCANC is the air void content in the uncompacted aggregates/-
coarse aggregates (%);
qpis the aggregate density (Mg/m3);
qNCis the loose bulk density (Mg/m3).

2.2.2. Dry-rodded method
The dry-rodded method was performed by adapting the proce-

dure described in the American standards AASHTO T19 and ASTM
C29 to the European standard EN 1097–3, which prescribes aggre-
gate compaction for evaluation of bulk density and air void content
in the compacted aggregates, without, however, specifying any
procedure.

The main differences between American and European proce-
dures relate to:

� The volume of the cylindrical container: In this study, the vol-
ume specified in the European standard of 5 L for nominal max-
imum aggregate size, D, equal to 16 mm, was used. This volume
is always larger than the described in the AASHTO T19 and
ASTM C29 (around 4.6 L for D equal to 16 mm), thus leading
to more representative samples.

� The dimensions of the cylindrical container: The ratio between
the internal diameter of the container and its height should be
0.5 to 0.8, according to the European standard. This requirement
is omitted both in AASHTO T19 and in ASTM C29. Therefore, the
evaluation was performed using the same cylindrical container
(170 mm diameter, 240 mm height) as used in the non-
modified method.

� The amount of each aggregate sample (three) should be 125% to
200% of the amount that fits in the container (AASHTO T19 and
ASTM C29), comparatively to 120% to 150% (EN 1097–3). In this
case, individual samples with 125% to 150% of the amount that
fits the container were used.

The aggregate compaction was performed according to the pro-
cedure described in the AASHTO T19 and ASTM C29, which
requires pouring aggregates in the container and compacting them
in three equal layers (Fig. 3). For each layer, 25 blows with the
tamping rod were evenly distributed over the surface (avoiding
hitting the bottom of the container). After filling the container,
the excess of aggregates was removed and the surface was levelled
off.

For each dry-rodded compacted sample, the bulk density (qDRC)
and its air void content (VCADRC) were calculated according to
equations (1) and (2), respectively.

2.2.3. Proctor and Proctor with modified rammer methods
The Proctor compaction was used in this study due to its simi-

larity to the dry-rodded method, as far as concerns to: (i) dimen-
sion and volume of the cylindrical moulds (containers), (ii) type
of compaction (by impact), (iii) compaction by layers and even dis-
tribution of blows over the aggregate surface.



1st layer 

2nd layer 

3rd layer 

Fig. 3. Dry-rodded apparatus and example of layers to compact.
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The main advantage of this method comparatively to the
dry–rodded method, is its automated compaction procedure
(compaction energy, height of drop, and distribution of blows),
contributing for repeatability and reproducibility improvements.

The Proctor compaction was firstly performed by simply adapt-
ing the procedure described in the European standard EN 13286–2
to the standards AASHTO T19 and ASTM C29 (related to the ‘‘dry–
rodded compaction”) and also to EN 1097–3.

Thus, to ensure the volume and ratio between the internal
diameter of the mould and its height according to the EN 1097–
3, the large mould with extension was used. Therefore, the mould
(Fig. 4) used in both Proctor methods had the following dimen-
sions: diameter of 150 mm; height of 228 mm.

The aggregate compaction performed requires, similarly to the
dry-rodded method, pouring aggregates in the mould (Fig. 4) and
compacting them in equal layers. For each layer, different number
of blows with the hammer was evenly distributed over the surface.
After filling the mould, the excess of aggregates was removed and
the surface was levelled off.

In this study changes were performed concerning the mass of
the rammer (2.49 kg and 4.54 kg), as well as the number of layers
(three and five) and number of blows per layer (25, 50, 75 and 55
blows) as described in Table 4.

Furthermore, a new Proctor rammer was developed in order to
simulate the tamping rod action in accordance with the dry-
rodding procedure described in AASHTO T19 and ASTM C29. The
Fig. 4. Mould used and new Proctor rammer
new Proctor rammer was designed taking into account the com-
pactor equipment characteristics and restrictions. As so, one end
is for fixation to the equipment, the other end is rounded in a
hemispherical tip, and the rod rammer is 15 mm in diameter and
95 mm height, as shown in Fig. 4.

The aggregate compaction procedure (similar to the dry-rodded
method) regards pouring aggregates in the mould and compacting
them in three equal layers. For each layer, 25 blows with the mod-
ified rammer (mass of the rammer 2.49 kg) were evenly dis-
tributed over the surface. After filling the mould with aggregates,
excess of aggregates is strike off and levelled off the surface.

For each Proctor and Proctor with modified rammer compacted
sample, the bulk density (qPC) and its air void content (VCAPC) were
calculated using equations (1) and (2), respectively.

2.2.4. Steel roller method
This new steel roller method was used in this study due to its

similarity to the compaction methods used in the field. The com-
paction made with this method is done with rolling loads, instead
of using impact loads. Additionally, vibration was used in order to
promote easier particle packing.

The steel roller method was performed by adapting the proce-
dure described in the European Standard EN 12697–33 to EN
1097–3. Also, in this case, individual aggregate samples with
125% to 150% of the amount that fits in a square mould
(300 mm � 300 mm � 50 mm) were used.

The aggregate compaction was performed according to the fol-
lowing experimental procedure (Fig. 5):

(1) Pour the materials into the corners of the square mould
without overflowing it, in order to make further compaction
easier and avoid excessive particle breakage.

(2) Fill the rest of the mould without overflowing and even out
the material in order to scrape away any excess aggregates
or to compensate for any gaps between them.

(3) Apply the rolling load for 15 cycles with vibration.
(4) After first compaction (3) seek for gaps in the surface of the

aggregates, especially in the corners. In Fig. 5 the red spots
show existing gaps to fill. Level off the surface without over-
flowing the mould. Repeat the compaction process (3).

(5) Repeat (4) as many times as needed to ensure a full-levelled
aggregate surface.
developed for tamping rod simulation.



)b)a

d) c) 

Fig. 5. Aggregate compaction procedure with steel roller compactor.
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(6) Compute the mass of the compacted sample by weighting
the mould with and without aggregates.

For each steel roller compacted sample, the bulk density (qRC)
and its air void content (VCARC) were calculated using the equation
(1) and (2), respectively.
3. Results and discussion

The results of aggregates/coarse aggregates bulk density (BD)
obtained from each compactor (BDc) and their relation with the
loose bulk density of the uncompacted aggregates (BDuc), as well
the respective air void content, VCA, were evaluated (Table 5). Fur-
thermore, particle breakage (increment of particles content pass-
ing in the breakpoint sieve 4 mm, comparatively to the initial
gradation defined in the mix design) for granodiorites and basalts
used in the laboratory were compared with field applications (SMA
12 and SMA 14, respectively) and presented in Table 6.

Figs. 6 and 7 present the results for the VCA obtained with dif-
ferent aggregate compaction methods, for individual fractions and
for coarse aggregate mixture (sieved portion of the total aggregate
blends retained in different breakpoint sieves 2 mm, 4 mm and
4.75 mm). Moreover, the correlation between VCA and the BDc/
BDuc (ratio between compacted & uncompacted aggregates bulk
densities) is plotted in Fig. 8.

Fig. 6 shows the variation of air void content across the different
compaction methods obtained for the granodiorite production
coarse aggregate fraction (6/10 mm) and for coarse aggregate mix-
tures for different breakpoint sieves (2, 4, and 4.75 mm). As
expected, the air volume decreases as compaction energy
increases. Steel roller and Proctor (55 blows, 5 layers) produce
the lowest air voids. However, for each compaction method the
air void contents obtained for the complete aggregate fraction
(6/10 mm) are similar to the ones obtained for any of the coarse
aggregates retained in breakpoint sieves (2 mm, 4 mm and
4.75 mm). According to these results, we can assume that if we
choose a coarse aggregate production fraction whose lower dimen-
sion (in this case 6 mm) is not under the BP sieve size, there is not
much difference in the compactions obtained with each method
for the production fraction or for any of the chosen BP coarse
aggregates.

The lower dimension of coarse aggregate fraction should be
higher than the selected breakpoint sieve (Table 3).

Fig. 7 shows, for coarse aggregates retained in breakpoint sieve
4 mm, the variation of air void content across different compaction
methods and aggregate nature. As expected, steel roller and Proc-
tor (55 blows, 5 layers) produce the lowest air voids, since these
correspond to higher energy.

For each compaction method, the variation of air void content
among aggregates of different natures (granodiorite, basalt and
granite) for coarse aggregates retained in breakpoint sieve 4 mm
is small, except for steel roller and Proctor (55 blows, 5 layers).

Fig. 8 shows the relation between the air void content and the
ratio between compacted/uncompacted aggregates. The Figure also
shows: (i) the ratio range of 1.10 (110%) to 1.25 (125%) specified in
Bailey method for SMA mix design to achieve stone-on-stone con-
tact between coarse aggregates; (ii) the range of air void content,
VCA (35% – 40%) in the coarse aggregates reported by Nicholls
(1998) [22] and Drueschner (2005) [23] to ensure adequate space
for the mastic after compaction of the SMA, with a porosity of
2.5% to 5.0%.

The results in Fig. 8 put in evidence, as expected, a good corre-
lation (linear regression, R = 92%) between VCA and BDc/BDuc
ratio. Air void content increases as that ratio decreases, as a result
of lower compaction effort, and therefore, lower bulk density of
compacted aggregates.

The dry–rodded method does not comply with the range spec-
ified by the Bailey method (1.10 – 1.25), nor achieve the range of
35% – 40 % for VCA, independently of aggregate nature or fraction/
coarse aggregates used. Similar results were obtained for the Proc-
tor method (25 blows, 3 layers) and the Proctor modified rammer.

Only samples tested using Proctor compaction (50 / 75
blows � 3 layers; 55 blows � 5 layers) have complied with both
ranges previously mentioned.



Table 5
Bulk density (compacted & uncompacted aggregates and respective ratio) and air voids in the aggregates.

Aggregate laboratory compaction method Aggregate type Aggregate portion BDc(Mg/m3) BDuc(Mg/m3) Ratio BDc/BDuc VCA(%)

Non-compaction Granodiorite 0/4 mm
6/10 mm
BP 2 mm
BP 4 mm
BP 4.75 mm

-
-
-
-
-

1.410
1.461
1.490
1.440
1.438

1.00
1.00
1.00
1.00
1.00

46.1
46.3
45.4
47.1
47.2

Basalt BP 4 mm – 1.578 1.00 47.0
Granite 0/5 mm

BP 4 mm
–
-

1.481
1.424

1.00
1.00

44.7
46.6

Dry-rodded1) Granodiorite 0/4 mm
6/10 mm
BP 2 mm
BP 4 mm
BP 4.75 mm

1.540
1.550
1.580
1.550
1.540

1.410
1.461
1.490
1.440
1.438

1.09
1.06
1.06
1.08
1.07

41.1

43.0
41.9
43.0
43.4

Basalt BP 4 mm 1.730 1.578 1.09 42.0
Granite 0/5 mm

BP 4 mm
1.590
1.520

1.481
1.424

1.07
1.07

40.6
43.1

Proctor2) Granodiorite 0/4 mm
6/10 mm
BP 2 mm
BP 4 mm
BP 4.75 mm

1.700
1.540
1.560
1.613
1.530

1.410
1.461
1.490
1.440
1.438

1.21
1.05
1.05
1.12
1.06

34.8
43.4
42.7
40.8
43.9

Basalt BP 4 mm 1.760 1.578 1.11 40.8
Proctor modified rammer3) Granodiorite BP 4 mm 1.620 1.440 1.13 40.4

Basalt BP 4 mm 1.770 1.578 1.12 40.5
Granite BP 4 mm 1.530 1.424 1.08 42.5

Proctor4) Granodiorite BP 4 mm 1.640 1.440 1.14 39.6
Proctor5) Granodiorite BP 4 mm 1.660 1.440 1.15 39.1
Proctor6) Granodiorite BP 4 mm 1.700 1.440 1.18 37.5

Basalt BP 4 mm 1.820 1.578 1.15 38.9
Granite BP 4 mm 1.700 1.424 1.20 36.3

Steel roller7) Granodiorite 0/4 mm
6/10 mm
BP 2 mm
BP 4 mm
BP 4.75 mm

1.650
1.610
1.650
1.740
1.700

1.410
1.461
1.490
1.440
1.438

1.17
1.10
1.11
1.21
1.18

37.1
41.0
39.4
36.1
37.4

Basalt BP 4 mm 1.770 1.578 1.12 40.5
Granite 0/5 mm

BP 4 mm
1.840
1.560

1.481
1.424

1.24
1.10

31.3
41.7

Notes: BP – Breakpoint sieve; BP 2 mm – coarse aggregate portion of the total aggregate blend retained in the sieve with mesh equal to 2 mm; BP 4 mm – coarse aggregate
portion of the total aggregate blend retained in the sieve with mesh equal to 4 mm; BP 4.75 mm – coarse aggregate portion of the total aggregate blend retained on the sieve
with mesh equal to 4.75 mm; BDc – aggregates/coarse aggregates bulk density obtained from different compaction methods; BDuc – loose bulk density of the uncompacted
aggregates; VCA – air void content of uncompacted/compacted aggregates.
1) 25 blows for each layer (3 layers).
2) 25 blows (2.49 kg) for each layer (3 layers).
3) 25 blows with modified rammer (2.49 kg) for each layer (3 layers).
4) 50 blows (2.49 kg) for each layer (3 layers).
5) 75 blows (2.49 kg) for each layer (3 layers).
6) 55 blows (4.54 kg) for each layer (5 layers).
7) 15 rolling sequences with vibration.
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The linear regression shows that VCA should be between
around 33% and 41% (similar to [22,23], to achieve the ratio range
(1.10 – 1.25) specified in Bailey method for SMA mix design.

The results presented in Table 6 are plotted in Fig. 9 for further
discussion of the correlation between VCA and the particle break-
age, expressed as the increment of particles content passing in the
breakpoint sieve 4 mm.

Fig. 9 is complemented with: (i) the range of air void content
(35% – 40%) in coarse aggregates reported by Nicholls (1998)
[22] and Drueschner (2005) [23], and (ii) studies that show a par-
ticle breakage increase between 2.5% and 9.0% for the breakpoint
sieve 4.75 mm [28,29], on samples collected from the field.

The results in Fig. 9 show a good correlation (linear regression,
R2 = 80%) between air void content and the particle breakage (in-
crement of particles content passing in the breakpoint sieve
4 mm). The particle breakage, ranged from 0.5% (dry–rodded
method) to 7.6% (Proctor, 55 blows, 5 layers) and from 2.3% to
4.0% in the samples collected from the two actual road pavements.
Steel roller and Proctor (55 blows, 5 layers) produced the high-
est particle breakage. These two methods had also obtained the
lowest air void contents (Figs. 6 and 7), which were, according to
Fig. 9, mainly the results from particle breakage. Similar conclusion
was obtained by Brown and Haddock (1997) [8] for other com-
paction methods. However, in the steel roller method, vibration
may have contributed in basalt and granites for a better particle
packing reducing particle breakage comparing to Proctor (55
blows, 5 layers).

Fig. 8 shows that the dry–rodded method does not comply with
the range (35% – 40%) for the air void content, independently of
aggregate nature used or fraction/coarse aggregate fraction used.
Similar results were obtained for the Proctor method (25 blows,
3 layers) and the Proctor with modified rammer.

Once again, only samples tested with the three Proctor com-
paction methods – 50 / 75 blows� 3 layers and 55 blows� 5 layers
– have complied within both ranges previously mentioned. From
these three methods, and due to the similarity of Proctor procedure



Table 6
Particle breakage for coarse aggregates retained in breakpoint sieve 4 mm.

Aggregate laboratory compaction method Aggregate type Breakpoint Sieve VCA (%) Particle breakage, increment of particles
content passing in breakpoint sieve, 4 mm (%)

Dry-rodded1) Granodiorite 4 mm 43.0 0.5
Basalt 42.0 0.5
Granite 43.1 0.5

Proctor2) Granodiorite 4 mm 40.8 0.8
Basalt 40.8 0.8

Proctor modified rammer3) Granodiorite 4 mm 40.4 1.3
Basalt 40.5 1.7
Granite 42.5 2.0

Proctor4) Granodiorite 4 mm 39.6 3.5
Proctor5) Granodiorite 4 mm 39.1 3.8
Proctor6) Granodiorite 4 mm 37.5 4.4

Basalt 38.9 4.0
Granite 36.3 7.6

Steel roller7) Granodiorite 4 mm 36.1 6.7
Basalt 40.5 1.4
Granite 41.7 3.1

SMA 128) Granodiorite 4 mm – 3.2
SMA 129) Granodiorite 4 mm – 2.3
SMA 149) Basalt 4 mm – 4.0

Notes: VCA – air void content of uncompacted/compacted aggregates.
1) 25 blows for each layer (3 layers).
2) 25 blows (2.49 kg) for each layer (3 layers).
3) 25 blows with modified rammer (2.49 kg) for each layer (3 layers).
4) 50 blows (2.49 kg) for each layer (3 layers).
5) 75 blows (2.49 kg) for each layer (3 layers).
6) 55 blows (4.54 kg) for each layer (5 layers).
7) 15 rolling sequences with vibration.
8)sample collected directly from the paver.
9)samples collected from compacted pavement.

Fig. 6. Air void content for granodiorites for production fraction (6/10 mm) and for coarse aggregate mixtures using different compaction methods.
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(55 blows, 5 equal layers) with the specified in the EN 13286–2,
this may be seen as a method for further study to optimise coarse
particle packing, for a stone-on-stone effect.
4. Conclusions

The results from a research study on the effects of different lab-
oratory aggregate compaction methods on the particle packing of
coarse aggregates are presented in this paper. The research high-
lights new laboratory compaction methods, herein developed,
which can provide a particle packing more representative of the
field conditions comparatively to other methods traditionally used.

To evaluate the particle packing characteristics that optimises
the contact between coarse aggregate particles, different aggregate
laboratory compaction methods were used: (1) ‘‘non–compaction
”; (2) ‘‘manually dry-rodded” method; (3) Proctor compaction
using the typical rammer; 4) Proctor compaction using a specific
developed rammer; and (5) compaction using the steel roller com-
pactor. Comparative result analysis was also made with two SMA
collected from road pavements and directly from paver.

The data leads to the following main conclusions:



Fig. 7. Air void content by compaction method for breakpoint sieve (4 mm).

Fig. 8. Relation between air void content and the ratio between compacted & uncompacted aggregates bulk densities.

Fig. 9. Relation between air void content and particle breakage in breakpoint sieve.

H.M.B. Miranda et al. / Construction and Building Materials 259 (2020) 119699 9



10 H.M.B. Miranda et al. / Construction and Building Materials 259 (2020) 119699
(1) Laboratory compaction methods using lower energy, such as
dry rodded, Proctor (25 blows, 3 layers) and Proctor with
modified rammer (25 blows, 3 layers) led to lower particle
breakage comparatively to results obtained with asphalt
mixtures collected in the field.

(2) VCA showed a satisfactory and good correlation with the
particle breakage and the BDc/BDuc ratio, respectively. It
was observed that VCA tended to increase with a decrease
of the BDc/BDuc ratio.

(3) For the case of SMA 12 and SMA 14, the selected aggregate
laboratory compaction method to optimise stone–on-stone
effect should have a particle breakage for the breakpoint
sieve 4 mm, within the range 2.9% – 8.6% in order to achieve:
(i) air void content in the aggregates, between 35% and 40 %,
(as reported by [22–23]) to design a SMA with porosity
between 2.5% and 5.0%; (ii) BDc/BDuc ratio within 1.10 –
1.25, as specified in Bailey method for SMA mix design,
and (iii) to be within the particle breakage values obtained
in field SMA.

The results highlight that new laboratory compaction methods
described herein, using Proctor (50/75 � 3 layers & 55 blows � 5
layers) and steel roller compactor provide a particle packing more
representative of the field conditions comparatively to other meth-
ods studied. Further research, focusing on SMA’s with other mate-
rials applied on the field, is needed in order to recommend one
specific method.

Finally, it should be pointed out that the results described in
this paper are very significant since a mix design methodology that
uses the most adequate compaction methods will produce SMA
with improved performance, namely with respect to permanent
deformation resistance.
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