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I. INTRODUCTION 
The increasing number of vehicles around the world generates millions of used tyres every year. 

Current regulations prohibit the stockpiling of used tyres because they can be a fire hazard source and pose a 

potential threat to human health and potentially increase environmental risks. Because of this, the placement of 

discarded tyres in landfills and similar waste dumps has been prohibited [1-4]. Waste tyre rubber has been used 

as an additive for constructing asphalt pavement for decades because of its elastic properties, which had the 

potential to improve the skid resistance and durability of asphalt mixtures [5]. Crumb Rubber (CR) Modifier is 

the common name used to identify the recycled tyre rubber (RTR) particles used to modify bitumen [1, 5-7]. 

CR has been used to modify asphalt mixtures usually by employing two different processing methods. 

The first is the ‗wet process‘, whereby fine rubber is blended with hot bitumen to produce a ‗rubberized 

bitumen‘ binder. The second means of rubber modification is through the ‗dry process‘, which substitutes a 

proportion of the mix aggregate with coarse rubber, thereby causing the rubber to function essentially as an 

elastic aggregate within the mixture [8-9]. The majority of research pertaining to the dry process generally 
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assumes that the reaction between the rubber and bitumen in the mixture is insignificant or that does not 

completely react with bitumen [3, 5, 10]. Compared to the wet process, the reaction time in the dry process is 

considerably less (maximum six hours) and slower due to the larger rubber particle sizes (RPS) and that the 

fundamental difference between the wet process and dry process is that in the wet process, the finer RPS (0.075 

mm to 1.2 mm) are charged into the bitumen at high temperature prior to mixing with the aggregate to allow 

reaction between them to produce modified bitumen, and in the dry process, coarser RPS (0.4 to 10 mm) are 

added directly to the mixtures with an assumption that the CR is solely part of the aggregate and that the 

reaction between bitumen and crumb rubber is negligible [11]. 

After 1981, 20% of the originally used coarse rubber grading was replaced with fine crumb rubber 

passing 0.85 mm sieve size [5]. Typically, larger RPSs between 6.4 and 0.85 mm are used to substitute for fine 

aggregates at a 1%-3% replacement rate [11]. Mixtures with fine rubber gradation (1.18 to 0.15 mm) performed 

better with respect to permanent deformation in comparison to conventional asphalt mixtures due to the binder 

modification [12]. The addition of CR or other modifiers in conventional dense-graded mixes have either shown 

poor performance or completely failed due to improper mix designs. The reason for this unsuccessful blend of 

dense gradation and addition of CR can be attributed to insufficient voids in the mineral aggregates that is 

required to accommodate CR inclusions in the dense-mix matrix. However, the literature notes that CR could be 

successfully engineered with an unconventional aggregate skeleton by using gap and/or open-graded gradation 

since these gradations provide enough room for CR particles to coalesce within the mix matrix [6,11]. In 

mixtures modified with 1%, 2% and 3% of CR to produce Rubberised Stone Mastic Asphalt (RSMA) and 

concluded that in a gap graded mixture, if the spaces are inadequate, the rubber will resist compaction, and the 

resultant pavement will have excessively high AVV content and lack durability. Therefore, by opening up the 

aggregate gradation, the problem can be reduced [8]. 

In dry process CR mixes, there is an absorption of asphalt by the CR, which increases the asphalt 

content requirements for the mix to attain the required volumetric properties, mainly AVV targets [3, 13]. 

Hence, in rubberized SMA mixes, the optimum asphalt content is larger than that of SMA control mixes, 

without CR [14]. The optimum asphalt content (OAC) required to reach a certain minimum void level for 

rubber-modified mixes depends on rubber and aggregate gradation and rubber content [15]. As the CR content is 

increased, more bitumen is absorbed, which in turn increases the OAC of the mix [16]. In general, the laboratory 

air voids volume (AVV) for CR mixtures are recommended to range from 0 to 4% maximum depending on the 

traffic level of the facility being designed (low traffic: 2 to 3%; medium: 3% maximum, and high: 4% 

maximum) [15]. When the RPS decreases, the AVV also decreases [17-18]. Gap-graded asphalt rubber mixtures 

(GGAR) can have larger AVV than typical values for a conventional SMA [14]. RSMA have lower average 

AVV than the control SMA [19]. Bulk specific gravity (GMB), Marshall stability (STA), flow value (FLV) and 

OAC of asphalt mixtures are affected by the addition of CR and because the GMB of rubber is far less than that 

of aggregate, the GMB of CR asphalt mixtures decrease with the increase in rubber content [3, 17, 20]. Voids in 

the mineral aggregate (VMA) increases and voids filled with asphalt (VFA) decreases with increasing rubber 

percentages in CR asphalt mixes [13] and RPS [17]. For each 1% of increase in the AVV value, FL will be 

reduced by 40% [21]. 

The density of the dry-process CR mix is slightly lower than that of conventional mixes due to the 

resiliency of the rubber, which causes decompaction and reduced mix density [20, 22]. However, in the words of 

the last author, the compaction effort does not appear to have any more significance on the CR mixtures than it 

had on the control asphalt mixtures. Analysing the performance of CR incorporation between dry and wet 

methods. In relation to the dry process, those authors claimed that the mixes did not effectively react with the 

asphalt binder, had poorer compaction (i.e., higher AVV content), poor distribution of the CR through the mix, 

and poorer cohesion between the binder and the aggregate, leading to increased moisture sensitivity. In addition, 

the differences in performance between the dry and wet processes decreased in significance with decreasing 

rubber content and decreasing RPS [23]. Compaction of dry process mixes may still require a hold time while 

the specimens cool to prevent expansion after the load is released. Adding CR and increasing its content to the 

mixture, the unit weight and specific gravity decreased [17]. A CR asphalt mixture is more susceptible than 

conventional mixtures to problems in preparation and compaction because of the need to add and control a third 

ingredient that has a major effect on overall mix properties and performance [15]. 

Adding CR and increasing its percentage in the dry process mixtures, the STA results are better than 

those of the conventional mix [24-26]. Nevertheless, there are some studies that found the opposite; i.e., as 

rubber was added and its percentage in the mixture increased, the STA of the samples diminished [2-3, 9, 13, 

15, 17-18] or there was no difference [14]. That fact can be explained by considering the structure of the 

specimen [18]. An asphalt specimen is composed of an assembly of aggregates and bitumen, where 

intergranular forces are transmitted through points of contact. When rubber is added, the resulting mixture is not 

always homogeneous at all contact points due to the size and shape of the rubber. Due to lower compressive 

strength and higher elasticity of rubber [3], the FLV decreases with the increase in rubber contents [29] or there 
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was no difference [14]. In the opposite sense, [17] claimed that the addition of CR into asphaltic concrete using 

the dry process method generally increased the FLV regardless of the RPS used, as confirmed by [15]. 

Rubberized SMA has slightly lower FLV than control SMA [19]. 

 Several test procedures and theories for determining the moduli of asphalt mixtures are available in the 

literature. Among these moduli are Young's modulus, resilient modulus, complex modulus, dynamic modulus, 

etc. [39]. The dynamic stiffness (stiffness modulus or resilient modulus - MR) is a measure of the load-

spreading ability of the bituminous layers; it controls the levels of the traffic-induced tensile strains at the 

underside of the lowest bituminous bound layer, which are responsible for fatigue cracking, as well as the 

stresses and strains induced in the subgrade that can lead to plastic deformations. Asphalt concrete should have 

high stiffness to be able to resist permanent deformation. On the other hand, the mixtures should have enough 

tensile stress at the bottom of the asphalt layer to resist fatigue cracking after many load applications. The 

dynamic stiffness can be computed by indirect tensile modulus test, which is a quick and nondestructive method 

[27]. The addition of CR reduces the MR and increasing the RPS reduces the MR of the porous asphalt mixtures 

substantially [28]. The dry process mixes show a decrease in the MR when CR is added and increased in the 

mixes [13]. Modified bitumen improves the MR of asphalt mixtures compared to the control mixtures due to 

higher viscosity and thick bitumen films leading to better resilience properties [29]. In addition, the MR of 

reinforced SMA samples containing various contents of CR is significantly high in comparison with that of 

nonreinforced samples [10, 16]. Nevertheless, MR is significantly higher for the control mixture than for 

modified CR mixes [30]. Additionally, MR generally decreases with increasing AVV, while [15] said that 

mixtures with finer rubber gradations has higher MR than do mixtures with coarser rubber gradations. In 

general, increasing the RPS decreases the indirect tensile strength (ITS) of the mixtures, and ITS values were 

less than the control ones [13, 20, 24, 28, 30]. According to [20], the reduction in ITS values is due to cohesion 

and, in turn, may be due to adhesion problems between the CR and the binder. 

 The addition of CR by the dry process, mainly in rubberized SMA mixes, enhances the mechanical 

performance of these mixes and their resistance to fatigue and deformation, which are the main causes of 

cracking, and exhibit significantly higher fatigue life (FL) compared to the mixtures without CR [8, 10, 14-16, 

26-27, 31]. According to [16], the resistance of CR mixes to the generated horizontal tensile stresses decreases 

the formation of vertical cracks and prevents these cracks from propagating along the diameters of asphalt 

samples. This in turn improves the FL of reinforced samples. Analysis of the fatigue test data indicated that 

despite significant reductions in stiffness, CR mixtures maintain better FL compared to conventional asphalt 

mixtures [22]. Moisture susceptibility (MS) of asphalt mixtures, generally called stripping, is one of the major 

concerns in bituminous pavements and can be considered as a degradation of the mechanical properties of the 

asphalt due to the action of moisture or water, causing serious distresses in asphalt pavement. That distress is 

often associated with high concentrations of fine aggregate particles since these can have a detrimental action on 

asphalt mixtures because of their impact on mixture stiffness and air void content. In addition, MS is normally 

associated with the loss of adhesion [28] between asphalt binder and aggregate and/or loss of cohesion within 

the binder mainly due to the presence of water [32-34]. The results of their study showed that the SMA mixtures 

are not prone to moisture damage [33]. Nevertheless, [22] and [30] concluded that CR mixtures were found 

more susceptible to moisture induced damage compared to unmodified mixtures. Additionally, Tensile Strength 

Ratio (TSR) values for CR mixes were significantly reduced compared to the control specimens. In addition, 

Modified Lottman Test (MLT) results indicated that the addition of CR did not improve the MS performance. 

Highly compacted CR asphalt mixtures (4% target air voids) are more susceptible to moisture than conventional 

mixtures irrespective of rubber content and compaction effort, with the degree of susceptibility primarily 

depending on the amount of rubber in the mixture rather than the difference in compaction; this behaviour is 

different than conventional mixtures where, as expected, poorly compacted mixtures were found to be more 

susceptible to moisture than well compacted mixtures [11, 22]. 

 Based on the results of the works described in the previous paragraphs, this present study addresses the 

use of Rubberized Stone Matrix Asphalt (RSMA) utilizing two rubber particle sizes in the mixtures by dry 

process. In order to mix the CR and mineral aggregates it was used the Bailey method of aggregates dosage. The 

mixes with (RSMA) and without CR (control one) were submitted to laboratorial tests in order to determine 

Marshall parameters, resilient modulus (MR), fatigue life (FL) and moisture susceptibility (MS). The results of 

the laboratory tests will be discussed in the next sections. 

 

II. MATERIAL AND METHODS 
2.1 Origin of Materials. 

The coarse and fine aggregates (crushed basalt) came from a quarry named ―Pedreira 29‖, located in 

the city of São Carlos, State of São Paulo, Brazil, on the Luiz Augusto de Oliveira highway, km 148.90. The 

crumb rubber (CR) was supplied by a company specializing in crushing and recycling tire waste (UtepBrasil), 

located in the city of Guarulhos, State of São Paulo. Two different types of rubber particle sizes, commercially 
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known as G1 and G3, most ranging in dimensions from 4.75 to 2.40 mm and from 2.40 to 0.60 mm, 

respectively, were used as shown in Figure 1. The asphalt cement (AC - 30/45 penetrating grading) came from 

the Paulínia Refinery (REPLAN), which is located in the city of Paulínia, State of São Paulo. The materials used 

in this research and their respective origins are listed in Table 1. 

 

 
Figure 1. G1 and G3 crumb rubber particle sizes 

 

Table 1. Provenance of SMA component materials. 
Material Origin 

#1-CA (coarse) Quarry ―Pedreira 29‖ (22°03‘37,8‖S / 47°52‘40,52‖W) 

#2-CA (coarse) Quarry ―Pedreira 29‖ (22°03‘37,8‖S / 47°52‘40,52‖W) 

#3-CA (coarse) Quarry ―Pedreira 29‖ (22°03‘37,8‖S / 47°52‘40,52‖W) 

#1-FA (fine) Quarry ―Pedreira 29‖ (22°03‘37,8‖S / 47°52‘40,52‖W) 

#2-FA (fine) Quarry ―Pedreira 29‖ (22°03‘37,8‖S / 47°52‘40,52‖W) 

MF (filler) Quarry ―Pedreira 29‖ (22°03‘37,8‖S / 47°52‘40,52‖W) 

G1/G3 (crumb rubber) Utep Brasil (23°28'13.73"S / 46°28'50.37"W) 

Asphalt cement (AC 30/45 grading) REPLAN Refinery (22°43'46.18"S / 47° 8'52.63"W) 

 

2.2. Characterization of Materials. 

 Two equal grain-size proportions were adopted with CR - named the MA-G1 and MA-G3 mixtures, 

using G1 and G3 crumb rubber, respectively - and one without CR, named the MA mixture (this analysis as 

reference), all with the same amount of asphalt cement (AC). In the moulding of the samples, the CR replaced 

part of the mineral aggregates in a fixed amount of 2% of the total mass of the mixture. No natural fibres were 

used since the work experience in the field of a similar SMA mixture showed good workability and no 

draindown, even without the addition of the natural or synthetic fibres in the blends. At the end, the results were 

compared between the mixtures with and without CR according to the physical and mechanical tests performed. 

From the size particle analysis of each aggregate, the Bailey method was used to determine the optimum 

composition of each mixture (MA, MA-G1 and MA-G3). All aggregates used in the asphalt mixtures were 

tested according to the standards described in Table 2, mainly the Brazilian highway standards, which are most 

similar to known international standards. In relation to CRs, these materials were submitted to sieve analysis and 

apparent specific gravity, while CA was submitted to complete characterization (penetration, Saybolt-Furol and 

Brookfield viscosities, ductility, specific gravity, etc.). Table 3 shows the AC properties used in the mixtures. 
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Table 2. Aggregate characterization tests. 
Material Brazilian Standard Title Acceptance 

Parameter 
Similar International 

Standard  

Coarse 

Aggregate 

NBR NM 53/2009 Coarse aggregate - Determination of 

the bulk specific gravity, apparent 
specific gravity and water absorption 

Greater than 1,80 

and 2,70 g/cm3;less 
than 1%, 

respectively 

ASTM-T-85 

Coarse/Fine 
Aggregate 

NBR NM 248/2003 Aggregates - Sieve analysis of fine and 
coarse aggregates 

Within 
granulometric range 

ASTM-C136 / 
C136M-14 

Fine Aggregate NBR NM 52/2009 Fine aggregate - Determination of the 

bulk specific gravity and apparent 

specific gravity 

Greater than 1,60 

and 2,60 g/cm3, 

respectively 

ASTM-C128-01 

Filler NBR NM 23/2001 Portland cement and other powdered 
material - Determination of apparent 

specific gravity 

Greater than 3,00 
g/cm3 

ASTM-C188-09 

 

Table 3. Properties of asphalt cement (AC – 30/45 penetrating grading) used in the mixtures. 

Brazilian 
Standard 

Test Unity 

Similar 

International 
Standard AC 30/45 

NBR 14756 Apparent specific gravity, 25 °C g/cm3 AASHTO T 228 1.003 

NBR 6576 Penetration, 25 ºC, 100 g, 5 s 0.1 mm AASHTO T 49 35 

NBR 14950 SSF Viscosity, 135 ºC s AASHTO T 72 192 

NBR 14950 SSF Viscosity, 150 ºC s AASHTO T 72 90 

NBR 15184 Brookfield Viscosity, 135 ºC, sp21, rpm 20 cP AASHTO T 316 374 

NBR 15184 Brookfield Viscosity, 150 ºC, sp21, rpm 20 cP AASHTO T 316 203 

NBR 6560 Softening point ºC AASHTO T 53 52 

NBR 6293 Ductility, 25 ºC cm AASHTO T 51 60 

 

2.3. Dosage Method of the SMA Mixtures. 

In Brazil, the Superior Performing Asphalt Pavements (Superpave) methodology is still not sufficiently 

widespread in everyday practical pavement services. Therefore, asphalt concrete studies were developed 

through the traditional Marshall method. After the characterization of all components of asphalt concrete, the 

materials were classified in the ―C‖ granulometric range limits of Brazilian highway specifications following the 

Marshall dosage method, as shown in Figure 3. The Bailey method was adopted to calculate percentages of each 

aggregate that must be mixed to obtain the proportion of the resulting mixture that satisfies those limits. 

The curves obtained were in the area defined by the two curve limits of the ―C‖ range, minimum and maximum. 

After fixing the particle size distribution of aggregates of the mixture, the probable optimum asphalt content 

(OAC) was estimated by the expression derived from the work of Duriez [35] based on the specific surface of 

the aggregates: 

𝑆 =
0.17𝐺+0.33𝑔+2.30𝐴+12𝑎+135𝑓 

100
…………………………(1) 

where: S = specific surface area of aggregate (m
2
/kg); G = percentage retained on sieve 9.5 mm; g = percentage 

passing on sieve #9.5 mm e retained on sieve 4.8 mm; A = percentage passing on sieve #4.8 mm e retained on 

sieve 0.3 mm; a = percentage passing on sieve #0.3 mm e retained on sieve 0.074 mm; f = percentage passing on 

sieve 0.074 mm. 

Then, the probable OAC was calculated, using the following expression: 

𝑇𝑐𝑎 = 𝑚 𝑆
5

…………………………(2) 

where Tca = OAC in relation to the mass of the aggregates (%); m = richness modulus of asphalt cement, 

varying from 3.75 (wearing course more rigidus) to 4.00 (wearing course more flexible). 

If the mean bulk specific gravity of the total aggregate is less than 2.60 or greater than 2.70, then the content 

obtained in the previous item should be corrected by the following expression: 
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𝑇𝑐𝑎
′ =

2,65𝑇𝑐𝑎

𝛿𝑎𝑚
………………………… (3) 

where T´ca = corrected OAC in relation to the mass of the aggregates (%); am = mean bulk specific gravity of 

the total aggregate. 

Finally, the OAC is calculated in relation to the entire mixture: 

𝑃𝑐𝑎 =
100𝑇𝑐𝑎

100 + 𝑇𝑐𝑎
          or           𝑃𝑐𝑎 =

100𝑇𝑐𝑎
′

100 + 𝑇𝑐𝑎
′ ………………………… (4) 

where Pca = final value of OAC in relation to the total mixture (%). 

In the Bailey Method [36-37], the sieve that defines coarse and fine aggregate is known as the primary control 

sieve (PCS), and the PCS is based on the nominal maximum particle size (NMPS) of the aggregate blend. 

𝑃𝐶𝑆 = 𝑁𝑀𝑃𝑆 𝑥 0.22………………………… (5) 

where NMPS = one sieve larger than the first sieve that retains more than 10%. 

The fine aggregate is broken down and evaluated as two portions. To determine where to split the fine 

aggregate, the same 0.22 factor used on the entire gradation is applied to the PCS to determine a secondary 

control sieve (SCS). The SCS then becomes the break between coarse sand and fine sand. The fine sand is 

further evaluated by determining the tertiary control sieve (TCS), which is determined by multiplying the SCS 

by the 0.22 factor. 

An analysis is performed using ratios that evaluate packing within each of the three portions of the combined 

aggregate gradation. Three ratios are defined: Coarse Aggregate Ratio (CA Ratio), Fine Aggregate Coarse Ratio 

(FAc Ratio), and Fine Aggregate Fine Ratio (FAf Ratio). Equations 6, 7 and 8 indicate expressions to calculate 

those ratios, and Table 4 shows the recommended ranges of those ratios. 

𝐶𝐴 𝑅𝑎𝑡𝑖𝑜 =
(% 𝑝𝑎𝑠𝑠𝑖𝑛𝑔  𝐻𝑆 − % 𝑝𝑎𝑠𝑠𝑖𝑛𝑔  𝑃𝐶𝑆)

(100%−% 𝑝𝑎𝑠𝑠𝑖𝑛𝑔  𝐻𝑆)
………………………… (6) 

where HS (half sieve) = one half the NMPS. 

𝐹𝐴𝑐  𝑅𝑎𝑡𝑖𝑜 =
(% 𝑝𝑎𝑠𝑠𝑖𝑛𝑔  𝑆𝐶𝑆)

(% 𝑝𝑎𝑠𝑠𝑖𝑛𝑔  𝑃𝐶𝑆)
………………………… (7) 

𝐹𝐴𝑓  𝑅𝑎𝑡𝑖𝑜 =
(% 𝑝𝑎𝑠𝑠𝑖𝑛𝑔  𝑇𝐶𝑆)

(% 𝑝𝑎𝑠𝑠𝑖𝑛𝑔  𝑆𝐶𝑆)
………………………… (8) 

 

Table 4. Recommended ranges of aggregate ratios. 
Ratio NMPS (mm) 

37.5 25.0 19.0 12.5 9.5 4.75 

CA 0.80-0.95 0.80-0.85 0.60-0.75 0.50-0.65 0.40-0.55 0.30-0.45 

FAc 0.35-0.50 0.35-0.50 0.35-0.50 0.35-0.50 0.35-0.50 0.35-0.50 

FAf 0.35-0.50 0.35-0.50 0.35-0.50 0.35-0.50 0.35-0.50 0.35-0.50 

 

The mixtures were carried out with and without CR from the use of an excel spreadsheet, which calculated the 

proportions between each aggregate to reach the desired grain size curve (Figures 3 and 4) by the Bailey 

method. 

 

2.4. Production of SMA samples in the Laboratory. 

The incorporation of two CR (G1 and G3) was made by the dry process in an amount of 2%, replacing 

part of the mineral aggregates. The two CR mixtures were compared with a conventional blend (without CR) 

using the same proportion of aggregates. 

Based on the Saybolt-Furol viscosity test, working temperatures of the AC and aggregates were found 

for each mixture, taking care to observe the limits set out in the Brazilian highway standards, which admits as an 

AC heating temperature that corresponds to (85 ± 10) SSF (seconds Saybolt-Furol) and as a compaction 

temperature of the mixture one in which the AC exhibits a viscosity of (140 ± 15) SSF. In addition, the working 

temperature of the aggregates should be 10 °C to 15 °C higher than that of the AC. 

Each specific amount of aggregate was weighed individually, mixed and heated in a pot at a 

temperature of 170 °C. Furthermore, the added AC was also weighed as the amount found in each mixture at a 

temperature of 155 °C. The procedure was to mix the components (aggregates + AC) at a temperature of 146 °C 

for approximately two minutes (without curing time) until completely covering the aggregates with AC. This 

mixture was then placed in the mould and compacted mechanically with 75 blows on each side of the specimen. 

Next, the specimens were left at rest for 24 h at room temperature. After that, the specimens were immersed in a 

water bath at 60 °C for two hours. Then, they were placed in the compression mould and positioned in the 
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Marshall machine, and both rupture load and flow value were determined. Thus, all physical and mechanical 

parameters of SMA mixtures were determined by the Marshall method. 

It is noteworthy that three specimens were cast for each AC content to find the optimum asphalt content (OAC) 

of each mixture (MA, MA-G1 and MA-G3), whose range varied from 4.9% to 6.9%, at each interval of 0.5%. 

 

2.5. Physical and Mechanical Properties of SMAs Mixtures. 

The arithmetic mean values of physical and mechanical Marshall parameters of the mixtures were 

determined, i.e., bulk specific gravity (GMB), theoretical maximum specific gravity (TMG), air void volume 

(AVV), voids in the mineral aggregate (VMA), voids filled with asphalt (VFA), asphalt-void ratio (AVR), 

Marshall stability (STA) and flow value (FLV). The test results were plotted in graphs as a function of the 

variation of AC content obtaining the characteristic curves of the Marshall test. The optimum contents of AC 

adopted were those with an AVV value of 4%. 

Three samples with cylindrical forms were moulded for the determination of the static indirect tensile 

strength (ITS) by diametrical compression for each type of mixture. The ITS individual value was obtained 

through the expression: 

σ𝑡  =  
T

πrh
………………………… (9) 

where σt = individual static ITS (kPa); T = static rupture load (kN); r = sample radius (m); h = sample height 

(m). 

 Three samples were moulded for determining the resilient modulus (RM) of each mixture. This mixture 

was then placed in the mould and compacted mechanically with 75 blows on each side of the sample. Then, a 

vertical load F was applied repeatedly until achieving a stress less than or equal to 20% of the ITS with a 

frequency of 60 cycles per minute and a duration of 0.10 s with 0.9 s of rest. The horizontal displacements were 

recorded during the load application F. The RM adopted was the arithmetical mean value determined at 300, 

400 and 500 load application F.  

Hence, the value of the RM was determined by the expression: 

RM =
𝐹

𝛿𝑕
× (0,9976𝜇 + 0,2692)………………………… (10) 

where RM = individual resilient modulus (MPa); F = cyclic vertical load diametrically applied on specimen (N); 

δ = elastic strain recorded for 200, 400 and 500 load applications (mm); h = sample height (mm); μ = Poisson‘s 

ratio. 

The fatigue test was performed to define the number of loading repetitions as a function of controlled 

stresses in diametrical compression samples with the load applied at a frequency of 1 Hz, with 0.10 s of repeated 

loading duration through the same resilient modulus equipment, increasing in tensile strain until the specimen is 

completely disrupted at a constant temperature of 25 °C. The fatigue curve was determined in four stress levels 

(10%, 20%, 30% and 40% of the static ITS) with two specimens per level. The fatigue resistance was evaluated 

according to the fatigue curves generated by testing, which introduces the relationship between fatigue strength 

and fatigue life. The fatigue equation in this study was calculated using the formula given in the following 

equation [14]: 

log 𝑁𝑓 = 𝑛 × 𝑙𝑜𝑔 𝜎𝑓  + 𝑘………………………… (11) 

where Nf is the fatigue life (in cycles); f is the fatigue stress (MPa), i.e., the tension stress applied during the 

test. The equation provides a linear relationship between them using a denary logarithm, in which ‗n‘ is the 

gradient and ‗k‘ is the intercept. High values of n indicate greater sensitivity to cracking, which infers poor 

fatigue resistance. Conversely, the larger k is, the higher the fatigue life is and the longer the fatigue life. 

The moisture induced damage test was carried out using the modified Lottman method by moulding six 

similar samples at the OAC, with AVV of 7%; initially, a first set of three specimens were separated and placed 

in plastic bags for protection and immersion in a 25 °C water bath for 2 h; a second set of three of these samples 

was placed in a vessel with distilled water and vacuum being applied at a pressure of 250-650 mm Hg for 5 to 

10 min in order to obtain a degree of saturation between 70% and 80%; the tensile strength test was performed 

on both the groups of three unconditioned (TSu) and conditioned (TSc) samples. Finally, the tensile strength 

ratio (TSR) was determined, which is the ratio between TSc and TSu. A minimum TSR value between 0.7 and 

0.80 is often used as a standard. Table 5 describes the Brazilian standards used in the tests and their 

correspondents to international standards; nevertheless, it should be considered that specific SMA mixtures have 

not yet been standardized in Brazil; because of this, technical specifications of SMA mixtures recommended by 

NAPA [38] were used. Figure 2 shows the flowchart of laboratory activities developed to determine the physical 

and mechanical properties of SMA mixtures. 
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Table 5. Mechanical characterization tests carried out on SMA asphalt mixtures. 
Brazilian Standard Title Acceptance 

Parameter(*) 
Similar International 

Standard  

DNER – ME 043/1995 Asphalt mixtures - Marshall test OAC 6% 

STA  6 kN 
3% <AVV< 4% 

ASTM D5581-07a 

NBR 16018/2011 Asphalt mixtures - Stiffness 

determination by repeated load indirect 
tension test 

-- ASTM D4123-82 

NBR 15087/2012 Asphalt mixtures — Determination of 

tensile strength by diametrical 

compression 

 0,65 MPa ASTM D 6931-17 

DNER-ME (provisional 

standard)/2017 

Hot mixed asphalt concrete - fatigue 

under repeated loading, constant tension, 

using the indirect tension test 

-- ASTM D4123-82 

NBR 15617/2015 Asphalt mixtures - Determination of 
moisture induced damage 

TSR 70% AASHTO T 283 

 

 
Figure 2. Flowchart of the laboratory tests. 
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III. RESULTS AND DISCUSSIONS 
3.1. Characterization of Materials. 

The granulometric curves of the mineral aggregates, the "C" range maximum and minimum limits of 

the Brazilian highway specification and the resulting aggregates mixture by the Bailey method are shown in 

Figure 3. Table 6 shows the resulting granulometric composition of the mineral aggregates with and without the 

addition of CR. Table 7 presents the bulk, apparent and effective specific gravities and the aggregate absorption. 

 

Table 6. Granulometric composition of mineral aggregate mixtures with and without CR addition. 
Aggregate Mixture Designation 

MA (%) MA-G1 (%) MA-G3 (%) 

#1-CA 0,0 0,0 0,0 

#2-CA 24,3 24,3 24,3 

#3-CA 11,2 11,2 11,2 
#1-FA 17,7 17,7 17,7 

#2-FA 44,8 44,8 44,8 

MF (Hydrated Lime) 2,0 0,0 0,0 
CR G1/G3 0,0 2,0 2,0 

% Total 100 100 100 

 

Table 7. Bulk, apparent and effective specific gravities and absorptions of mineral aggregates and CR. 
Aggregate Specific Gravity (g/cm3) Absorption (%) 

Bulk Apparent Effective 

#1-CA 2,835 2,987 2,911 1,8 

#2-CA 2,840 3,006 2,923 2,0 

#3-CA 2,837 2,993 2,915 1,8 
#1-FA 2,754 3,011 2,882 3,1 

#2-FA 2,827 2,987 2,907 1,9 

MF -- 3,000 -- -- 
CR G1/G3 1,150 -- -- -- 

 

 
Figure 3. Grain-size distribution and limits curves of mineral aggregates. 

 

It should be noted that CR mixtures have the same granulometric composition, differing only in the 

grain size of the CR, G1 and G3, the first one having a slightly coarser size. Figure 4 shows the control points of 

the combined mixture, followed by the Bailey method, which serves as delimiters to establish the number of 

voids resulting from the blending, in addition to the restriction zone that has a delimitation between 4.75 and 0.3 

mm in diameter, in which the resulting curve should avoid going through it due to the large amount of fine sand 

causing a sensitive structure and the high permanent deformation, making it difficult to be compacted in the 

field. 



Dosage of Dry Mixed Rubberized SMA by Bailey Method 

| IJMER | ISSN: 2249–6645 |                               www.ijmer.com                         | Vol. 10 | Iss.1 | Jan. 2020 | 34 | 

 
Figure 4. Granulometric distribution of the resulting mixture by the Bailey method. 

 

3.2. Physical and Mechanical Characteristics of Mixtures. 

Tables 8 to 10 show the results for the Marshall parameters of the SMA mixtures, without (control) and 

with CR (RSMA), referring to the GSA, GSB, STA, FLV, AVV, AVR, VMA and VFA, as a function of AC 

content. As a general rule, OAC corresponds to an AVV of 4.0%. Thus, the OAC of the MA, MA-G1 and MA-

G3 mixtures are 5.4%, 6.0% and 5.9%, respectively; that is, RSMA mixes have higher OAC content than 

control mixtures (as corroborated by [3, 13, 14, 15,16]). In relation to both RSMA mixes, the coarser RPS (MA-

G1) led to a slightly higher AC content than the finer (MA-G3) in the blend. 

It is verified that increasing OAC, FLV, AVR, VMA and VFA also increase continuously; in contrast, 

GSA and AVV decrease continuously. However, in the case of GSB and STA, they increase to the point where 

the OAC is reached and then decrease. All these tendencies were verified in all mixtures. It can be observed that 

the addition of CR to the blend diminished the bulk and apparent specific gravity [17]. STA values of the 

control mix were higher than RSMA blends [2-3, 9, 13, 15, 17-18], and between both RSMA mixes, the coarser 

RPS exhibited the higher STA value, contrary to [9]. For the RSMA mixes, AVV values were higher than 

control values: ranging upward between 16% and 50% for the coarser and between 13% and 46% for the finer 

blend in relation to the corresponding AC content. These AVV increases in RSMA mixes by the dry process 

were expected and can be explained by poorer compaction in the mixtures [23] or by a lack of curing time 

needed to complete the swelling and stabilization process of the CR in the asphalt mixture [2]. The high AVV 

values in the RSMA blends will reflect the mechanical properties of the mixtures, as will be observed later. In 

the case of FLV, the control mix had a lower value than the RSMA mixes, as confirmed by[17]. 

 

Table 8. Marshall parameters for SMA mixtures without CR as aggregate (MA). 
OAC 

(%) 

GSA 

(g/cm3) 

GSB 

(g/cm3) 

STA 

(kN) 

FLV 

(mm) 

AVV 

(%) 

AVR 

(%) 

VMA 

(%) 

VFA 

(%) 

4.4 2.659 2.495 11.7 2.46 6.2 63.9 17.1 10.92 

4.9 2.635 2.513 12.3 2.64 4.6 72.6 16.9 12.27 

5.4 2.625 2.520 14.0 2.70 4.0 77.2 17.6 13.59 

5.9 2.607 2.518 10.4 2.85 3.4 81.3 18.2 14.80 

6.4 2.578 2.516 8.8 3.00 2.4 86.9 18.5 16.08 

 

Table 9. Marshall parameters for SMA mixtures with CR (G1) as aggregate (MA-G1). 
OAC 
(%) 

GSA 
(g/cm3) 

GSB 
(g/cm3) 

STA 
(kN) 

FLV 
(mm) 

AVV 
(%) 

AVR 
(%) 

VMA 
(%) 

VFA 
(%) 

4.4 2.604 2.417 8.0 4.24 7.2 59.9 17.8 10.66 

4.9 2.579 2.430 8.5 4.27 5.8 67.2 17.7 11.90 



Dosage of Dry Mixed Rubberized SMA by Bailey Method 

| IJMER | ISSN: 2249–6645 |                               www.ijmer.com                         | Vol. 10 | Iss.1 | Jan. 2020 | 35 | 

5.4 2.567 2.442 8.8 4.30 4.9 73.0 18.0 13.14 

5.9 2.549 2.445 9.0 4.61 4.1 77.9 18.5 14.41 

6.4 2.533 2.441 6.6 5.13 3.6 81.1 19.2 15.57 

 

Table 10. Marshall parameters for SMA mixtures with CR (G3) as aggregate (MA-G3). 
OAC 
(%) 

GSA 
(g/cm3) 

GSB 
(g/cm3) 

STA 
(kN) 

FLV 
(mm) 

AVV 
(%) 

AVR 
(%) 

VMA 
(%) 

VFA 
(%) 

4.4 2.597 2.414 6.8 4.24 7.0 60.0 17.6 10.56 

4.9 2.576 2.428 7.6 4.27 5.8 67.3 17.6 11.79 

5.4 2.553 2.435 8.0 4.30 4.6 73.0 17.9 13.07 

5.9 2.541 2.440 8.1 4.61 4.0 78.3 18.3 14.33 

6.4 2.520 2.432 7.7 5.13 3.5 81.7 19.0 15.52 

 

The test results for MR are presented in Table 11, including the average values (MRavr). The highest 

values found were for the condition without rubber addition [3, 6, 13, 28, 30], unlike most works reported in the 

literature. Regarding the results with RSMA blends, the finer RPS presented higher MR values than the 

coarser[15, 28]. The large reduction of MR between the control mix and RSMA mixes should be recorded, 

reaching close to 50% and 37% for the coarser and finer RPS mixtures, respectively. The results of ITS are 

presented in Table 12, including the average values (ITSavr), showing higher values for the control mix, followed 

by the finer RPS and, finally, the coarser in RSMA mixes [13, 20, 24, 28, 30]. Again, the elevated decrease of 

ITS values between the control mix and RSMA mixes, which are equal to 47% and 32% for coarser and finer 

RPS, respectively, should be noted. 

Table 13 shows the results of the fatigue life tests for the samples with and without rubber, carried out 

under controlled tension, where one can read the fatigue tensions (f) and the respective load cycles. Figure 5 

shows the graphs originating from the data of Table 13, where it can be verified that the fatigue life is higher for 

the mixture without CR content – in the contrary sense to that found in the literature - followed by the mixture 

with the finer and coarser RPS, respectively. In relation to the latter case, the result is different from that found 

by [15] because this author found a shorter fatigue life for the finer RPS. 

Table 14 shows the results of the moisture-induced damage through the Modified Lottman Test 

(AASHTO T283) on unconditioned and conditioned samples of mixtures with and without rubber content. The 

ITS values for the conditioned (ITSc) and unconditioned samples (ITSu), as well as the Tensile Strength Ratio 

(TSR) of each sample, are shown. It was verified that all the mixtures reached TSR values higher than the 

minimum (0.70), with the RSMA mixtures showing the highest values in relation to the control one, unlike that 

reported by [22], [28] and [30] but in the same sense found by [6], [33] and [34] However, it should be noted 

that control mixtures presented higher individual values (ITSc and ITSu) and average values (TSavg) than RSMA 

mixtures. 

  

Table 11. Resilient modulus (MR) for the mixtures with and without rubber content. 
Mixture 

Designation 

Sample No. MR 

(MPa) 

MRavr 

(MPa) 

MA 

1 4809 

5654 2 6012 

3 6141 

MA-G1 

1 2588 

2773 2 2816 
3 2915 

MA-G3 

1 3509 

3540 2 3636 

3 3476 

 

Table 12. Indirect tensile strength (ITS) for the mixtures with and without rubber content. 
Mixture 

Designation 
Sample No. Height 

(cm) 
Diameter 

(cm) 
Tension Force 

(kgf) 
ITS 

(MPa) 
ITSavr 
(MPa) 

MA 

1 6.04 10.17 1789 1.9 

1.9 2 6.02 10.16 1816 1.9 

3 6.05 10.16 1974 2.0 

MA-G1 

1 6.60 10.17 975 0.9 

1.0 2 6.50 10.23 1073 1.0 

3 6.54 10.17 1045 1.0 

MA-G3 
1 6.45 10.19 1326 1.3 

1.3 
2 6.49 10.18 1344 1.3 
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3 6.39 10.25 1221 1.2 

 

Table 13. Tensile stresses and corresponding number of cycles of the mixtures in fatigue life tests. 
MA MA-G1 MA-G3 

f (MPa) Cycles f (MPa) Cycles f (MPa) Cycles 

3,01 457 1,53 849 1,94 593 
3,01 454 1,52 795 1,97 930 

2,28 1454 1,17 3760 1,49 2264 

2,26 956 1,13 2455 1,49 2047 
1,52 3970 0,75 9171 0,98 5601 

1,51 4704 0,76 8343 0,98 7530 

0,75 62792 0,38 64812 0,48 55126 
0,76 61325 0,37 63565 0,49 56525 

 

 In the analyses it was verified that the control mixtures presented higher values of GSA, GSB, VFA, 

STA, MR, ITS and FL, while RSMA mixtures showed higher values of AVV, VMA, FLV and TSR. Among the 

RSMA mixtures, the ones with the finer RPS showed higher values of MR, ITS, FL and TSR, in relation to 

those coarser grain size. 

 Some inconsistencies need to be registered. The first is the shorter FL for rubber mixtures, which is 

nonsense in relation to almost all studies in the literature; second is the great reductions in MR and ITS values, 

in relation to the control mixture. 

 It can be argued by citing, for example, that the absence of a curing time in the drying process is critical 

to complete the swelling and stabilization process of the CR in the mixture [2, 22]; in addition, there may have 

been greater difficulty in the compaction of mixtures with the addition of CR [23] relative to the reference 

mixture; according to [13], the CR in the dry process mixes seems to reduce the stiffness of the resulting mixes, 

and according to [22], when compared to long-term ageing, short-term ageing is more significant in the 

mixture's stiffness. Finally, according to [15], the modulus and fatigue of CR asphalt mixes depends on rubber 

gradation, aggregate gradation, and rubber content; that is, the grading of the mixtures performed by the Bailey 

method and the determination of the content of 2% CR may not have been the best possible combination to 

produce satisfactory results in the mechanical parameters of RSMA mixtures. 

 

 
Figure 5. Fatigue life for the mixtures with and without rubber content. 
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Table 14. Moisture-induced damage through the Modified Lottman Test for the mixtures with and without 

rubber content. 
Mixture 

Designation 
Sample 

Conditions 
Sample No. Type ITS 

(MPa) 
ITSavg 
(MPa) 

TSR 

 

MA 

Conditioned 

1 

ITSc 

1.62 

1.57 

0.86 

2 1.60 

3 1.50 

Uncoditioned 

4 

ITSu 

1.95 

1.82 5 1.80 

6 1.72 

MA-G1 

Conditioned 

1 

ITSc 

0.85 

0.91 

0.97 

2 0.95 

3 0.94 

Uncoditioned 

4 

ITSu 

0.96 

0.94 5 0.89 

6 0.96 

MA-G3 

Conditioned 

1 

ITSc 

1.10 

1.05 

0.93 

2 1.02 

3 1.02 

Uncoditioned 

4 

ITSu 

1.09 

1.13 5 1.17 

6 1.14 

 

IV. CONCLUSIONS AND RECOMMENDATIONS 
This study addresses the use of Rubberized Stone Matrix Asphalt (RSMA) using dry process to mix the 

CR and mineral aggregates through the Bailey method of aggregates dosage. Two rubber particle sizes were 

used ranging from 4.75 to 2.40 mm and from 2.40 to 0.60 mm at the same 2% (in mass) content in the mixtures. 

The mixes with (RSMA) and without CR (control one) were submitted to laboratorial tests in order to determine 

Marshall parameters, resilient modulus, fatigue life and moisture susceptibility. 

 The results indicated that the control mixtures presented higher values of GSA, GSB, VFA, STA, MR, 

ITS and FL, while RSMA mixtures showed higher values of AVV, VMA, FLV and TSR. Among the RSMA 

mixtures, the ones with the finer RPS showed higher values of MR, ITS, FL and TSR, in relation to those 

coarser grain size. 

 On the other hand, there was a higher FL for the control mixture as well as higher values of MR and 

ITS, when compared to RSMA values. The differences in the MR and ITS values found were close to 50% and 

37% and to 47% and 32%, for coarser and finer RPS, respectively. 

 The absence of a curing time in a dry process, higher AVV values (between 13% and 50), the setting of 

a constant CR value of 2% in the blend, even the grading through bailey method can try to justify those 

abnormal behaviours of RSMA mixtures in relation to control mixtures. 

 Finally, RSMA blend had better performance than control mixture in the case of MS. 
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