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Abstract 

Currently there is a continuous and growing concern with the use and development of new materials for the 

wearing courses, which ensure a suitable mechanical and functional performance, as well as, a suitable 

relation between cost and benefit. This is the case of Stone Mastic Asphalt (SMA) that have been developed 

to provide high performance and durability to traffic and climate demands. 

In this context, the present dissertation aims to study the performance of SMA applied in pavement wearing 

courses. The evaluation included seven bituminous mixtures type SMA 8 and SMA 11, with different 

formulations by changing the aggregates (stone nature) and bitumen. The performance study focused on 

the functional behavior (macrotexture and microtexture) of these mixtures for wearing courses. Furthermore, 

some mixtures of this study contemplated also the evaluation of the mechanical behavior (permanent 

deformation, stiffness and water sensitivity). The influence of the SMA composition on their functional 

performance was also evaluated by a statistical analysis. The study included mixtures made in the laboratory 

and mixtures applied in pavement works of the national road network. 

The results show that, nevertheless the current knowledge of SMA mixtures there is still a divergence in the 

behavior of similar mixtures, leading to the validation of the need to apply a specific mix design for these 

mixtures, different from the one currently used. 
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1. Introduction 

Regarding the traffic and climatic actions, it is known that the wearing course is the main and directly 

submitted to these actions in pavements, which leads to major and frequent maintenance. Thus, it is 

expected that this course combines good functional and structural characteristics, such as surface regularity, 

skid resistance, resistance to permanent deformation and fatigue, noise reduction, good drainage capacity, 

among others that, with the development of humanity, are essential for safety and comfort in mobility. 

Therefore, it is fundamental to develop and apply new bituminous mixtures that contribute to a high 

performance of the bituminous layers to the actions to which the pavements are requested, as well as a 

reduction, in a long-term, to conservation costs. 
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More recently in Portugal, Stone Mastic Asphalt (SMA) bituminous mixtures have been more widely 

accepted in the application of pavement layers, particularly in wearing courses. According to Drüschner 

(2005), the use of SMA mixtures, provided with a suitable composition, a well formulated mixture and a 

correct application, has proven to have a performance that can be superior to that of conventional bituminous 

mixtures, namely for more demanding conditions of high and heavy traffic. 

SMA mixtures are defined by EN 13108-5 (2013), as " gap-graded asphalt mixture with bitumen as a binder, 

composed of a coarse crushed aggregate skeleton bound with a mastic mortar”. The mastic consists of 

bituminous binder, fine aggregates, filler and stabilizing additive. The aggregates of the SMA mixtures fall 

into two categories: the active particles, termed the coarse aggregates; and the passive particles 

corresponding to the fine aggregates. 

According to Miranda (2016), is the fraction of the coarse aggregates of SMA mixtures, present in a superior 

percentage of the composition (approximately 60 % to 80 %), which guarantees the high imbrication, due to 

its dimensions, and which is called the stone-on-stone effect. This contact, due to the overlapping of the 

aggregates, allows to distribute the loads to the active particles, ensuring a better behavior of the bituminous 

mixture to the permanent deformation. The bituminous mastic makes up the remaining composition of the 

total mass (approximately 20 % to 40 %) and is formed by fine aggregates, bitumen, filler and stabilizing 

additives. SMA mixtures differ from conventional mixtures essentially by the superior amount of bitumen and 

filler, and by the addition of stabilizing additives to the mixture (Miranda, 2016). 

Hainin et al. (2012) states that SMA mixtures have an excellent mechanical performance due to their 

deformation, durability and fatigue properties, making them durable and resistant to permanent deformations 

when subjected to heavy loads of traffic and less favorable weather conditions. 

The Functional performance is conferred by surface characteristics of the pavement and the main 

characteristics evaluated for this purpose are friction, texture and noise. SMA mixtures, according to the 

study by Bastow et al. (2005), achieved a better skid resistance (friction and texture) over the first few years, 

and then stabilized to a lower value, suggesting the need to evaluate these characteristics throughout their 

useful life. According to Greer (2006), SMA mixtures can also contribute to the reduction of noise, because 

during the compaction of the wearing course of these mixtures most of the active particles on the surface 

are oriented to present a planar surface with respect to the road creating a negative texture, resulting in "air 

paths" that dissipate air trapped in the pavement, preventing air pumping and therefore reducing high 

frequency noise. 

The good behavior of SMA mixtures is proven through their performance both internationally and nationally, 

but even so, and highlighting the national experience, different behaviors are often obtained in similar 

mixtures, achieving levels of performance, especially in functional characteristics, different from those that 

are expected. With this national tendency occurring, it is extremely important to carry out a study of 

pavements where the wearing course is composed of SMA mixtures, in order to analyze the reason for the 

observed differences. 

In the scope of this study, information on national behaviors and applications of SMA mixtures was provided 

in five beneficiation constructions of Infraestruturas de Portugal, designated along this work by IP, a 

company destined to manage the road infrastructure in Portugal. 

With the results obtained there was the objective of constructing a general data base, about all the materials 

and properties that can characterize the mixtures, in order to allow a statistical analysis establishing 
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correlations between properties and constituents of the mixtures, or between mixtures in itself. The statistical 

results presented here were focused on surface characteristics. 

This study will present the analysis of stone mastic asphalt performance on wearing courses, organized as 

follow: Section 2 details the methodology used by detailing the materials in each evaluated mixture and 

explaining the tests applied; Section 3 shows the results obtained regarding the tests sorting by mechanical 

properties and surface characteristics; Lastly section 4 describes the gained conclusions and possible future 

investigations. 

2. Methodology 

2.1 Materials 

In this study are evaluated the performance of seven SMA mixtures, type SMA 8 and SMA 11, to be applied 

as a wearing course with different types of coarse aggregates natures, namely granites, basalts and 

gabbrodiorites. The variation of the coarse aggregate nature aims to evaluate its influence on the mechanical 

and functional behavior of the SMA mixtures. The mixtures SMA8-A and SMA8-B were manufactured in the 

laboratory, the remaining ones (SMA8-C, SMA8-D, SMA11-A, SMA11-B and SMA11-C) were applied to 

beneficiation constructions on the national road network. 

The bituminous mixtures were formulated conventionally by the Marshall method, according to the European 

standard EN12697-34, and the test specimens were compacted ensuring that 50 blows are applied to each 

side. In the case of the mixtures manufactured in the laboratory (SMA8-A and SMA8-B) its formulation was 

carried out according to the method developed and patented by Miranda (2016). The Miranda method has 

as its objective the volumetric optimization of the bituminous mixture, obtaining together a stone on stone 

and mastic-within-stone effect that maximizes its overall performance. Since this was a mostly analytical 

method, the laboratory validation was later carried out using the Marshall method for three percentages of 

bitumen, according to the previously defined compositions. Table 1 shows the weight composition used for 

each of the evaluated bituminous mixtures. The percentages of aggregates and filer are relative to total 

mass of aggregates, and the percentage of fibers and bitumen are relative to the total mass of the mixture. 

Table 1: Compositions of the types of SMA bituminous mixtures studied. 

 
Aggregates Filler Fibers Bitumen 

Particle size fraction (%) (%) (%) (%) 

SMA8-A 

6 / 12 – Gabbro 20.0 

7.0 0.5 7.5 2 / 6 – Gabbro 54.0 

0 / 6 – Granite 19.0 

SMA8-B 

6 / 12 – Gabbro 20.0 

7.0 0.5 7.5 2 / 6 – Gabbro 54.0 

0 / 6 – Limestone 19.0 

SMA8-C 

8 / 12.5 – Basalt 5.0 

5.0 0.3 6.0 4 / 6.3 – Basalt 60.0 

0 / 4 – Limestone 30.0 

SMA8-D 
4 / 11 – Granite 27.5 

7.5 0.3 6.2 
0 / 4 – Granite 65.0 

SMA11-A 
4 / 12 – Basalt 72.2 

6.7 0.3 5.9 
0 / 4 – Limestone 21.1 

SMA11-B 
6 / 10 – Granite 70.0 

6.0 0.4 5.9 
0 / 6 – Limestone 24.0 

SMA11-C 

5 / 15 – Granite 32.5 

5.0 0.3 6.0 4 / 8 – Granite 37.0 

0 / 5– Granite 25.5 

 



4 
 

From the analysis in Table 1 it is possible to observe an increase of about 1.5 % with respect to the total 

mass of the mixture in the amount of bitumen used in the mixtures formulated according to the Miranda 

method compared to the mixtures conventionally formulated according to the Marshall method. 

2.2 Tests 

In the evaluation of the mechanical characteristics was considered the Marshall test, the wheel-tracking test, 

the deformability modulus test and the water sensitivity evaluation through the indirect tensile strength test. 

In the evaluation of the surface characteristics, three verification tests are considered for the microtexture, 

including the British Pendulum test, the test using the Grip-Tester equipment and the test using the SCRIM 

equipment, for the macrotexture the test analyzed was through the sand stain test. 

Table 2 shows the tests carried out in the laboratory or the tests consulted in the scope of the information of 

beneficiation constructions where the bituminous mixtures were applied, for the mechanical and surface 

performance. For some tests no information was provided. 

Table 2: Tests carried out on each type of bituminous mixture SMA 

         Test 
 
Mixture 

Marshall 
Wheel-

tracking 
Deformability 

modulus 
Water 

sensitivity 

Microtexture Macrotexture 

Pendulum 
Grip-

Tester 
SCRIM 

Sand patch 
test 

SMA8-A ✓ ✓ ✓ ✓ ✓   ✓ 

SMA8-B ✓ ✓ ✓ ✓ ✓   ✓ 

SMA8-C ✓    ✓ ✓ ✓ ✓ 

SMA8-D ✓    ✓   ✓ 

SMA11-A ✓     ✓  ✓ 

SMA11-B ✓ ✓  ✓ ✓  ✓ ✓ 

SMA11-C ✓ ✓   ✓   ✓ 

Legend:     ✓ - Available information     ;       - Non available information 

3. Results and discussion 

3.1 Mechanical properties 

As for the Marshall test and in order to determine the best percentage of bitumen to be used in the laboratory-

made mixtures, the mixtures named SMA8-A and SMA8-B were tested for three percentages of bitumen, 

7.0%, 7.5% and 8.0%, only using the aggregate composition of the SMA8-A, the mean stability values 

obtained are in the range of 6.5 KN and 7.5 KN, the mean deformation values are between 3 mm and 4 mm 

and the mean porosity results within the range of 4.0% to 7.1%. With the results obtained and conjugating 

these properties to the best percentage, the 7.5% of bitumen was chosen, justifying itself with a good 

performance and an acceptable average porosity. As far as mixtures of beneficiation constructions are 

concerned, the percentages of bitumen used for this test varied from 4.5% to 7.5%, and the test for 5 

percentages of bitumen in each blend was carried out. The mean stability values obtained for these blends 

are within a wide range of values between 9.5 KN and 17.5 KN, the mean deformation values within the 

range of 2 mm to 7 mm, and the porosity values between 1.5% and 8.0%. With these results, the percentages 

of bitumen to be used in the final compositions were selected for each of the mixtures analyzed, percentages 

as described in Table 1. By evaluating the results obtained for the "optimal" percentages and comparing with 

the limits imposed in the specifications by IP, only the SMA8-A mixture does not meet the specified minimum 

stability limit, and SMA8-C mixture does not meet the specified minimum deformation, but citing Drüschner, 

(2005), the results obtained through this test are not the best reference for the characterization of bituminous 

mixtures of type SMA, because they tend to be low results that can lead to a misreading of the characteristics 

that this type of mixtures support. 
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For the wheel-tracking test in the laboratory-made mixtures, SMA8-A and SMA8-B, the mean strain of the 

samples ranged from 3.5 mm to 3.9 mm rounds for the 10000 test cycles but, however, the mean strain rate 

obtained ranged from 0.19 mm / 103 cycles to 0.29 mm / 103 cycles, a high value for SMA type bituminous 

mixtures, and the average depth of the average surround was between 6.6% and 7.5%, also high values. In 

the case of the two mixtures coming from SMA 11 type of work, namely SMA11-B and SMA11-C, these 

presented a mean strain variation ranging from 2.5 mm to 3.6 mm in the circumference for the 10000 cycles, 

an average deformation rate of between 0.07 mm / 103 cycles and 0.13 mm / 103 cycles, and a mean cross-

sectional depth value between 4.8% and 9.4%. Comparing SMA 8 type mixtures, the one that showed the 

best performance for permanent deformation was the SMA8-B mixture, which differs only from SMA8-A in 

the stone nature. Relating SMA 11 type mixtures, the mixture that show the best performance for permanent 

deformation is SMA11-C, whose only difference from SMA11-B in the granulometric fraction used and in the 

percentages of each fraction of the aggregate. Framing the results obtained with the deformation rate limit 

imposed in the specifications by IP, only the SMA11-C mixture complies with a mean WTSAIR of 0.07 mm / 

103 cycles. 

As for the deformability modulus test, only the laboratory-made mixtures were evaluated and was verified 

that between the mixtures there is not a large variation of values with respect to the modulus of deformability, 

having a very similar behavior among them. From these results it can be observed that among the mixtures, 

the SMA8-A mixture presents a modulus of deformability slightly higher than that of the SMA8-B mixture at 

low frequencies, but that this difference, which by itself is quite reduced, tends to decrease as the reduced 

frequency increases. 

For the water sensitivity test the tensile strengths for both "dry" and "immersed" specimens do not differ 

considerably by keeping in all mixtures between 2000 KPa and 3000 KPa. Concerning the value of 

resistance maintained in indirect traction this varies between 91% and 95% for the evaluated mixtures. The 

mixture having the highest values for indirect and dry tensile strength is the mixture SMA8-B, followed by 

the mixture SMA8-A and SMA11-B respectively, but for the quotient between these two properties, 

representing the resistance maintained at the indirect percentage traction, the SMA8-B mixture is the most 

sensitive to water, followed by SMA11-B and SMA8-A. Comparing the two laboratory-made mixtures, where 

the only difference is in the stone nature of the finer granulometric fraction, it is possible to observe that in 

the mixture with limestone "powder" there is a greater resistance to but on the contrary it is in the mixture 

with "powder" of granitic nature that lies the lowest sensitivity to water. The results obtained fall within the 

limit imposed on the indirect tensile strength value by IP, having an ITSR value of more than 90%. 

3.2 Surface characteristics 

As for the macrotexture test the values of average depth of texture obtained by performing sand height tests 

acquired by the volumetric spot method vary from 0.75 mm to 1.21 mm. The two mixtures that presented 

the highest values of average texture depth were the two laboratory-produced, SMA8-A and SMA8-B, with 

a value of 1.20 mm and 1.21 mm respectively, and the two that corresponded to the mixtures with the lowest 

average depth of texture are SMA8-C and SMA11-C, with a value of 0.75 mm and 0.95 mm. Framing the 

results obtained with the limit imposed by IP, only the mixtures SMA8-C and SMA11-C do not have mean 

MTD values below 1.0 mm. 

In order to better understand this phenomenon, a statistical analysis was performed with all the volumetric 

attributes of the SMA mixtures, thus analyzing the possible correlations between the composition elements 

and the volumetric characteristics of each mixture evaluated. For the macrotexture, the best significant 
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correlation was with the percentage component of passive particles. The Figure 1 shows the relationship of 

the results obtained between texture depth, macrotexture, and percentage of passive particles. 

 

Figure 1: Relation between the texture depth and the percentage of passive particles 

According to the analysis performed and represented in Figure 1, it is verified that the macrotexture of the 

mixtures evaluated by the texture depth is influenced by the amount of passive particles. From the graphical 

representation it is verified that there is a tendency between the mixtures of beneficiation constructions for 

the larger the percentage of passive particles, the lower the expected value of texture depth. It is possible 

to observe that the mixtures manufactured in the laboratory, SMA8-A and SMA8-B, escape this tendency, 

obtaining values of texture depth as high as those of the mixtures where there is a smaller amount of passive 

particles. 

For the evaluation of the microtexture test obtained by the British Pendulum, regarding to the condition of 

the pavement, there are two types of results in this test, the results of macrotexture soon after the realization 

of the pavement, results before pickling, and after removal of the surface coating film, results after pickling. 

SMA8-A, SMA8-B, SMA8-C and SMA811-B were the mixtures that were evaluated for macrotexture prior to 

pickling, and the blends evaluated after pickling were SMA8-A, SMA8-B, SMA8- C, SMA8-D and SMA11-C. 

The PTV coefficient values obtained before pickling vary from 58 PTV to 74 PTV, and the values obtained 

after pickling vary from 55 PTV to 79 PTV. In mixtures where there are comparative values of before and 

after pickling, they improve after removal of the initial surface film from the pavement, after pickling, except 

in the SMA8-C mixture.  Framing the results obtained with the limit imposed by IP, before pickling all mixtures 

comply except SMA8-A and SMA8-C with PTV values below 60, in the case of results after pickling all 

comply with SMA8-C and SMA8-D exclusion. 

Before pickling the mixtures with the highest PTV coefficient of friction coefficient were SMA8-B and SMA11-

B, with 74 PTV and 69 PTV respectively, and those showing the lowest values of PTV friction coefficient 

were SMA8-A and SMA8 -C, with a value of 58 PTV and 59 PTV. In the laboratory mixtures we can see that 

in one, the SMA8-B mixture holds the highest PTV value in the study, whereas, SMA8-A has the lowest PTV 

value before pickling, which concludes that the nature of the fine aggregate used in the mixture, the only 

difference between these two, is quite important and can significantly change the coefficient of friction values 

of the mixtures. 

In order to better understand this phenomenon, it was also performed a statistical analysis. For the 

microtexture before pickling there was not any significant correlation obtained. 
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Regarding the results after pickling, the mixtures with the highest PTV coefficient of friction were the two 

laboratory-produced, SMA8-A and SMA8-B, with values equal to 79 PTV, and those that showed the lowest 

values were SMA8-C and SMA8-D, with 55 PTV and 57 PTV respectively. After the first friction analysis 

prior to pickling, the difference observed in the SMA8-A mixture is noticeable, going from the worst value of 

PTV friction coefficient to one of the two best ones. 

To better understand this phenomenon, it was also performed a statistical analysis, and for the microtexture 

after pickling the best significant correlation was with the percentage component of passive particles. The 

Figure 2 shows the relationship of the results obtained between friction coefficient PTV, mIcrotexture, and 

percentage of passive particles. 

 

Figure 2: Relation between the PTV coefficient of friction after pickling and the percentage of passive particles 

For the evaluation of the microtexture test obtained by the equipment Grip-Test, the condition of the 

pavement in obtaining the results is after removal of the surface coating film, i.e. after pickling. The results 

of the friction coefficient obtained with this test are low values without great variance with each other, varying 

between 0.30 GN and 0.43 GN. The mixture with the highest results is the SMA8-C with average values of 

friction coefficient of 0.39 GN in the increasing direction and 0.43 GN in the decreasing direction, and 

coefficient of variation of 14% and 13% in the respective directions. The mixture with the lowest values is 

therefore the SMA11-A with mean values of friction coefficient of 0.30 GN and 0.32 GN, and a coefficient of 

variation of 24% and 18% for the respective increasing and decreasing senses. By framing the results 

obtained in this test with the limit imposed BY IP, neither of these two mixtures evaluated comply, thus 

obtaining values below 0.6 GN. 

As for the evaluation of the microtexture test obtained by the equipment SCRIM, in these results the state 

of the pavement formulates values after removal of the surface coating film, i.e. after pickling. The results 

using the SCRIM varied between 0.57 to 0.61 SCRIM of friction coefficient. Comparing the average values 

of SCRIM between the two mixtures, it is not possible to conclude which is the best because they are 

mixtures with values very close to each other, where in the SMA8-C mixture we have values in the increasing 

sense of 0.60 SCRIM and 0.59 SCRIM in the downward direction, and in the mixture SMA11-B values of 

0.57 SCRIM and 0.61 SCRIM in the relative directions. Framing the results obtained in this test with the limit 

imposed BY IP, these two mixtures evaluated comply, thus obtaining values higher than 0.5 SCRIM. 

In order to investigate the generality of the relationships between functional performance, the same statistical 

analysis done in the previous properties was done, but now for the macrotexture properties with the 

microtexture before and after pickling evaluated according to the PTV coefficient of friction, observing if it is 
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possible the existence of a correlation between these two properties. The results obtained in this analysis 

are relating the macrotexture to the PTV microtexture before and after pickling. 

The results obtained, shown in Figure 3, relating the macrotexture to the PTV microtexture before pickling 

show a good correlation.  

 

Figure 3: Relationship between PTV coefficient before pickling and texture depth 

In this relationship it can be seen that by generalizing the mixtures in a single set there is a slight tendency 

of the higher the PTV coefficient obtained, the greater the expected texture depth, but verifying the 

individualized mixtures we cannot obtain any significant trend that demonstrates a relation between the 

microtexture and macrotexture. 

Finally the results obtained, shown in Figure 3, relating the macrotexture to the PTV microtexture after 

pickling show a poor correlation without significance. 

 

Figure 4: Relationship between PTV coefficient after pickling and texture depth 

According to the results presented it seems that analyzing the mixtures together does not show any 

noticeable behavior between these two properties, but thinking in an individualized way there is a correlation 

between the SMA 11 mixture of beneficiation constructions which is evaluated in this analysis, with a 

tendency for the higher the PTV coefficient of friction after pickling the higher the expected texture depth. 

From these results it is also clear that there is a differentiation between the results in the SMA 8 mixtures, 

obtaining higher values of coefficient of friction with greater texture depth in the mixtures made in the 

laboratory. 
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4. Conclusions 

From the analysis of mechanical performance results, regarding the Marshall test, the permanent 

deformation, the modulus of deformability and sensitivity to water, the main conclusions are: 

• As for the Marshall properties, SMA mixtures with higher percentage of bitumen showed lower 

values of stability as it was spectacle. However, the SMA8-A mixture formulated according to the 

Miranda method (2016) the low stability did not compromise the deformation, having an acceptable 

value and similar to that of the other mixtures. 

• As regards to the behavior to the permanent deformation, the SMA mixtures showed a good 

behavior, with a smaller nominal size of coarse aggregate and higher percentage of bitumen having 

a higher deformation rate. 

• Regarding the deformability modulus, SMA mixtures with granite rock aggregate showed a slight 

improvement in the results obtained - superior deformability modulus - compared to aggregate 

mixtures of limestone type. 

• Regarding the deformability modulus, SMA mixtures presented results that are framed by the 

existing bibliography. The case of the SMA8-A mixture it is to be noted that these good results were 

not compromised by the low stability. For different natures of the aggregate, no significant change 

in results was observed regardless of the frequency of application of the load and the test 

temperature. 

• As for water sensitivity, SMA mixtures showed a good behavior regardless of the composition of 

the bituminous mixture, namely the nominal size and the nature of the aggregate. 

The results of the Marshall properties and the modulus of deformability obtained for the case of the SMA8-

A mixture reinforce the need for reflection on the representativeness that has been given to the Marshall 

method in the formulation of SMA mixtures, as well as the assignment of limits to the stability and 

deformation, thus contradicting current practice. 

From the analysis to the results of functional performance, regarding the texture depth through the test of 

sand patch, and coefficient of friction through three different equipment’s, the main conclusions are: 

• Regarding macrotexture, SMA mixtures with higher percentage of active particles present a greater 

texture depth. Likewise, SMA mixtures with higher percentage of passive particles show a tendency 

to present lower values of texture depth. 

• As regards to the microtexture prior to pickling the top bitumen layer, no significant correlation was 

found between the composition of the SMA mixtures and the PTV point friction coefficient. For the 

SMA mixtures evaluated after pickling, a higher percentage of passive particles and a lower volume 

of voids in the mixture of aggregates (VMA) promoted a reduction of the PTV coefficient of friction. 

The results obtained reinforce the need to adopt higher VMA values, like the international tendency. 

• Relating the macrotexture and the microtexture, it was possible to verify that higher PTV 

microtexture values correspond to higher macrotexture values. 

• In the mixtures in which there was addition of aggregate of calcareous nature the surface 

characteristics were influenced. 

In summary, with the results obtained in the present work based on the information available it is possible to 

verify the behavioral divergence of the various SMA mixtures, highlighting the performance of the mixtures 

formulated by a different method than the conventional one used in the mixtures, being therefore evident the 
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need of application of a specific formulation in the application of SMA mixtures. It is also important to mention 

that it is necessary to synthesize the information throughout the useful life of these mixtures to obtain a 

complete analysis regarding the performance of the various types of SMA mixtures. 
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