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Mechanical performance 
under dynamic loading 
of rubberized asphalt mixtures 
with highly‑porous vesicular 
aggregate
Miguel A. Franesqui 1*, Jorge Yepes 2 & Juan Gallego 3

In volcanic regions, the use of certain abundant aggregates of scoriaceous nature with high porosity 
to manufacture bituminous paving mixtures is a major problem due to the excessive heterogeneity, 
absorption and limited strength of these aggregates. Consequently, the properties of the mixtures 
often do not meet technical specifications. The aim of this research is to study the improvement of the 
mechanical performance of asphalt mixtures with these residual volcanic aggregates by using binders 
modified with rubber from end‑of‑life tyres, since environmental and economic requirements make it 
necessary to reuse both types of waste. Laboratory studies determining the compactability, dynamic 
stiffness, fatigue resistance and elastic constants have made it possible to characterise the mechanical 
performance of these mixtures during production and in service, and to compare them with 
conventional mixtures. It was found that the use of tyre rubber modified bitumen makes compaction 
somewhat more difficult, but reduces the particle size degradation of the porous aggregates and 
improves the mixture performance and durability, showing higher stiffness moduli and increased 
resistance to fatigue.

The mineral aggregate is, in quantitative terms, the main constituent of any asphalt mixture (approx. 92–96% of 
the total weight and approx. 81–87% of the volume, according to most specifications of bituminous mixtures for 
paving. (See for example the European Standards EN  131081). This mineral skeleton provides the friction com-
ponent, which contributes to the resistance of the mixture, depending on the size, shape, angularity, gradation, 
surface roughness, porosity, intergranular contacts, cleanliness and mineral composition of aggregate particles. 
Highly-porous vesicular and scoriaceous aggregates are the most frequent lithotypes in volcanic regions, consist-
ing of approximately 75% of the rock mass that can be used and  capitalized2. Nevertheless, according to previous 
 studies3, their excessive heterogeneity and variability, superior absorption and consumption of binder and energy 
to evaporate water—due to the alveolar structure—, and non-cubic shape, make these aggregates marginal and 
inadequate for structural materials according to standard technical specifications. Thus, an important part of the 
production is rejected at the quarries. On the contrary, these volcanic lightweight aggregates present some other 
interesting properties such as low thermal conductivity, freeze–thaw resistance and low  density4.

Most previous studies regarding bituminous mixtures with volcanic aggregates compared the stripping, creep 
behaviour and rutting properties of the mixtures with basalt and with calcareous aggregates or they have com-
bined different proportions of basalt and  limestone5–7. Notwithstanding, there are relatively few works regarding 
the sole use of marginal volcanic aggregates in asphalt  mixtures8–10 and none of them have reported the dynamic 
performance nor the production and workability characteristics of asphalt mixtures with vesicular and scoria-
ceous volcanic aggregates.
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The waste from used tyres is also an important environmental problem in volcanic territories with highly 
protected natural areas and therefore reuse on-site is essential. The recycling of crumb rubber from reclaimed 
end-of-life tyres (ELT) used as a modifier of the asphalt binder (crumb rubber modifier or CRM) for asphalt 
mixtures is an interesting alternative. Rubberized asphalt (RA), or “wet process”, is a blend of asphalt binder and 
ground recycled tyre rubber powder from scrap ELT. The rubber particles react in the hot asphalt and cause the 
rubber swelling. However, reuse and recycling of waste granulated rubber is a challenging problem owing to its 
three-dimensional cross-linked structure and the rubber devulcanization may offer a  solution11. The blending 
of asphalt with rubber at high temperature promotes this process.

Volumetric properties are crucial in the mix-design process and performance of bituminous mixtures. Exces-
sive air void content (mixture porosity) may be the main origin of lower fracture toughness and reduced fatigue 
 life12,13. In addition, it can induce age hardening and therefore pavement  cracking14. On the contrary, asphalt 
mixtures with very low air void content can cause extreme plastic deformations by traffic loading and the binder´s 
thermal expansion at high temperature. Nevertheless, the analysis of production, workability and compactabil-
ity characteristics of RA mixtures with vesicular volcanic aggregates has not been tackled before. Furthermore, 
the coarse fractions of aggregates employed in bituminous mixtures for pavements require not only satisfactory 
resistance to surface abrasion under traffic but also sufficient resistance to crushing under compaction machines 
during construction. This could be more critical with highly-porous volcanic aggregates, but studies regarding 
particle fragmentation due to compaction energy and the possible benefit of using rubberized binders to reduce 
this effect have not been performed until now either.

Fatigue performance and stiffness modulus are the principal dynamic mechanical characteristics of a bitu-
minous mixture. Fatigue is one of the most important failure modes in asphalt pavements due to repeated heavy 
traffic loads (load-related fatigue cracking). The main deterioration mechanisms of flexible pavements are due 
to a cumulative process of incremental structural damage, produced by strains or by stresses at certain criti-
cal points of the pavement structure, which is accumulated throughout its service life. When this incremental 
damage reaches the maximum value (cumulative damage factor = 100%), the pavement structure is said to have 
reached structural  failure15. The improvement of fatigue life using CRM is therefore of great interest in pavement 
engineering in order to extend the life cycle of pavements. Previous studies have shown that RA seems to enhance 
the fatigue  resistance16,17, thanks to the improved rheological properties of the rubberized binders, enabling the 
production of paving materials with extended in-service life.

On the other hand, the resilient modulus is one of the crucial properties in the analytical design of pave-
ment structures in order to prevent permanent deformations (rutting), to calculate the optimum thickness for 
each layer, and it is also a decisive parameter used for characterizing the resistance to failure and evaluating the 
material quality. A high stiffness modulus allows pavement structures with thinner asphalt layers (increases their 
bearing and stress distribution capacities) and sufficient resistance to rutting. However, the stiffness of asphalt 
mixtures must not be excessive in order to guarantee adequate ductile and flexible behaviour and thus avoid 
fatigue cracking at intermediate temperatures or brittle cracking at low temperatures. The addition of crumb 
rubber to asphalt mixtures generally increases  stiffness18, as long as this addition does not involve a reduction 
in the total amount of binder material.

The effect of the rubberized binders on the stiffness and the fatigue performance of the mixtures also depends 
on the quality of the aggregates used. With high-quality natural aggregates, studies show that rubberized binders 
improve the fracture  resistance19 but it is similar or slightly worse with recycled concrete aggregates for lower 
initial micro-strains20. However, no study on the dynamic performance of the RA mixtures with marginal high-
porosity volcanic aggregates has been reported.

In brief, the main limitations of the knowledge concerning these issues are:

(a) There are very few studies involving marginal porous volcanic aggregates and their possible applications 
in asphalt mixtures, and these materials are not included in most of standard technical specifications. In 
consequence, despite the quantitative relevance in many regions, an important part of the production is 
rejected at the quarries. However, in volcanic areas the use of these local aggregates is an environmental, 
logistic and economic necessity.

(b) There are no previous studies regarding the dynamic mechanical performance, nor the workability with 
different compaction energies, of RA mixtures with highly-porous vesicular and scoriaceous aggregates. 
But the effect of the rubberized binders on these dynamic properties also depends on the quality of the 
aggregate.

(c) With vesiculated aggregates, their high porosity could contribute to changes in the gradation during com-
paction of asphalt mixtures owing to breakage of particles, with significant increment of the fine fraction. 
The use of rubberized binders could reduce this negative effect, but this has not been studied previously.

The study at hand focuses on the utilization of the elastomeric waste from ELT with the aim of modifying 
asphalt bitumen and thus enhancing the dynamic performance of mixtures with highly-vesiculated volcanic 
aggregates. Hence, the main objective is to reuse the two waste products, reduce negative effects on the environ-
ment as well as increase pavement durability. In addition, CRM may reduce the need for the higher amount 
of asphalt bitumen involved when using high porosity aggregates and even contribute to avoid the fracture of 
aggregate particles during compaction due to the elastic cushioning effect of the rubber.

Thus, to validate the feasibility of these materials, two studies were conducted: (a) analysis of the mixture 
production and workability, studying the influence of the compaction energy on the volumetric properties, the 
compactability, and the gradation change; (b) characterization of the stiffness modulus, fatigue laws, and elastic 
constants. All the mixtures were produced with crumb rubber modified bitumen (RA mixtures) and volcanic 
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aggregates from high-porosity vesicular basalt of scoriaceous nature. Results were also compared to the mixtures 
produced with conventional bitumen and the same volcanic aggregates. These properties are fundamental to 
ensure optimal production, performance and durability regarding asphalt pavements.

Materials
283 cylindrical specimens, 38 non-compacted samples (used for theoretical maximum density tests) and 24 
prismatic specimens of semi-dense asphalt concrete were made in the laboratory with bitumen contents between 
5.0% and 7.0% (referred to the total weight of the mixture). According to the European Standard EN 13108-11, 
this type of mixture is named AC16 surf S (where AC means an asphalt concrete, 16 mm is the maximum aggre-
gate size, “surf ” indicates its application on surface layers and S is an abbreviation for semi-dense). The Spanish 
technical specifications for road works (PG-3)21 were followed to produce this type of hot mix asphalt (HMA) 
and it is in accordance with EN 13108-1. This is a bituminous mixture used extensively for surface courses of 
different roads, traffic types and climates because it provides a better surface macrotexture, lower deformation 
(due to its mineral skeleton and void content) and is cheaper to produce compared to dense asphalt concrete.

To ensure consistency, the aggregate fractions used in the mixtures (0–4, 4–10 and 10–20 mm) were mechani-
cally crushed from the same type of volcanic rock in the same quarry (Gran Canaria, Canary Islands, Spain): 
a highly porous olivinic-piroxenic grey basalt (B-V). Geochemically speaking, it may be considered a basanite 
with brown anfibol, augite, fenocrystals of olivine and plagioclase. The chemical analysis provided the following 
composition:  SiO2 (37.50%); CaO (13.38%); MgO (12.24%);  Al2O3 (9.80%); FeO (9.60%);  TiO2 (5.40%);  Fe2O3 
(4.46%);  Na2O (2.83%);  P2O5 (1.52%);  K2O (0.48%); MnO (0.17%);  H2O (1.67%).

Highly-vesiculated basalt with alveolar and scoriaceous structure constitutes a very common and abundant 
lithotype of volcanic rock (see Fig. S1 in Supplementary Information). A detail of the aggregate obtained from 
this rock (B-V) is shown in Fig. 1. For brevity, the main properties are summarized in Table S1 in Supplementary 
Information. This aggregate offers high water absorption  (WA24), especially in the finest fraction. Some properties 
complied with the Spanish specifications for road pavements: polished stone value (PSV), sand equivalent of the 
fraction 0–4 mm  (SE4) and flakiness index (FI). Nevertheless, this volcanic aggregate is regarded to be marginal 
because of the high proportion of non-prismatic particles, and the values of resistance to fragmentation (Los-
Angeles coefficient, LA) and to wear (Micro-Deval coefficient,  MDE). As shown in Table S1 in Supplementary 
Information, the finest fractions displayed lower particle densities and superior water absorption.  WA24 of the 
fraction 0–4 mm (15.5%) was almost three times higher than the 10–20 mm.

As mineral filler (# < 0.063 mm), it was chosen a Portland cement with pozzolanic addition (CEM II/B-P 32.5 
R, according to European Norm 197-1), since this cement is commonly produced in volcanic territories where 
natural pozzolans are abundant.

The reference mixtures used a commercial paving grade bitumen of penetration range 35/50 (penetration with 
a standardized needle, expressed in tenths of a millimetre, at 25 °C, under a weight of 100 g, during 5 s, accord-
ing to European Standard EN 1426). The binder of the mixtures with rubber was a rubberized bitumen with the 
same penetration grade (CRMB 35/50). This was made in the laboratory by adding the crumb rubber modifier 
(CRM), and is described in section “Methods”. This CRM was previously manufactured using a mechanical 
grinder at room temperature (50% ELT from cars; 50% ELT from trucks). Only one batch of CRM was used 
to guarantee consistency. The composition of CRM (thermogravimetric analysis) is: 57.41% polymeric rubber, 
32.22% carbon black, 6.02% ash and 4.67% plasticizer and additives. For brevity, the CRM gradation is shown in 
Table S2 and the main properties of both binders are included in Table S3, both in Supplementary Information.

Methods
Two types of mixtures were produced in the laboratory in order to compare the effect of the rubberized binder 
on the compaction properties and on the dynamic mechanical performance of this semi-dense asphalt concrete 
with porous volcanic aggregate:

Figure 1.  Detail of the B-V volcanic aggregate: (a) coarsest fractions (10–20 and 4–10 mm) obtained by 
mechanical crushing; (b) microstructure of this highly-vesiculated basalt (Scanning Electron Microscopy, 
magnification ×800).



4

Vol:.(1234567890)

Scientific Reports |        (2022) 12:19973  | https://doi.org/10.1038/s41598-022-24197-3

www.nature.com/scientificreports/

(a) In a first phase, the reference mixtures (AC16 35/50 surf S) with different percentages of conventional 
bitumen (35/50 pen) were produced and tested.

(b) In a second phase, the RA mixtures (AC16 CRMB 35/50 surf S) were studied. These were produced with 
the same aggregate and exactly the same particle size distribution (Fig. S2 in Supplementary Information), 
the same binder percentages but using the rubberized binder of a similar consistence (described in Table S3 
in Supplementary Information), which was produced previously in the laboratory by blending CRM and 
a base bitumen 50/70 pen (penetration at 25 °C, 100 g, 5 s: 58 ×  10–1 mm; softening point: 48.6 °C). A bitu-
men CRMB 35/50 was obtained from the bitumen 50/70, because the elastomer increased the viscosity 
and consistency of the resulting binder (reduced penetration by 34.5% and increased softening point by 
32.1%).

The following laboratory equipment was used to produce the rubberized binder, mixing CRM with hot bitu-
men: disperser unit (IKA Ultra-Turrax T50 digital, with a propeller agitator, 600–15,000 rpm, max. viscosity 
5000 mPas); oil bath (max. 225 °C, with temperature probe, stability and accuracy ± 1.0 °C); and one-litre metal 
container.

To manufacture the CRMB 35/50, each 50/70 bitumen sample of 600 g was heated to 180 ± 1 °C and then 
10% (by weight) of CRM was included in the blending unit with an oil bath and mixed for 60 min at 4000 rpm 
and 180 °C. In this way, the ultraviolet inhibitors, anti-oxidants and other chemicals present in the rubber shift 
to the asphalt, together with the elastomeric properties. The result was a reacted rubberized binder of higher 
consistency.

The reference mixtures were manufactured by heating aggregates and bitumen 35/50 to 170 ± 1 °C. Aggregates 
were heated during 8 h and bitumen during 3 h in an oven. Finally, they were mixed with one-minute coating 
by hand and then 2 min in the mixer. The final mixing temperature was 170 ± 1 °C and compaction temperature 
160 ± 1 °C. In the RA mixtures the heating temperature of aggregates and bitumen (CRMB 35/50) was 180 ± 1 °C, 
and they were kept in the mixer unit for 3 min, due to the greater viscosity of the rubber. The final temperature in 
the mixer was 180 ± 1 °C and the compaction was at 170 ± 1 °C. The cylindrical specimens of diameter 101.6 mm 
and height 63.5 mm (Fig. 2) were compacted by impact with a Marshall hammer (EN 12697-30) and different 
energies (50, 75 or 100 blows per side, depending on the laboratory test). The prismatic specimens for fatigue tests 
were produced from slab specimens of 300 × 300 × 60 mm, compacted by rolling in accordance with EN 12697-33.

The compacted specimens and non-compacted samples received up to three series of characterization tests for 
each mixture type and bitumen content, with a minimum between three and six specimens for each test. Sum-
marizing, a total of 345 laboratory specimens and samples were tested, with a total number of 65 characterization 
tests and 480 ultrasound tests on the reference mixtures (without rubber) and 75 and 480 on the RA mixtures, 
respectively. When required, the test samples were conditioned in a heater-refrigerator during the time to reach 
the normalized temperature according to standards and maintained during the test if necessary.

The different characterization tests were classified into the following categories:

(a) Volumetric properties: theoretical maximum density (according to EN 12697-5, Procedure A: volumetric); 
bulk density (EN 12697-6, Procedure B: saturated surface dry, and Procedure D: geometric); and void char-
acteristics (EN 12697-8) on cylindrical specimens compacted by impact with different energies (number 
of blows) using the Marshall hammer.

(b) Compaction properties: compactability test (EN 12697-10) on cylindrical specimens compacted by impact 
with 2 × 100 blows (EN 12697-30) using the Marshall compactor, monitoring and recording the change of 
the specimen thickness during the compaction process. Additionally, the gradation change after compac-
tion was determined by sieve analysis of aggregates.

(c) Dynamic mechanical performance: dynamic stiffness modulus (EN 12697-26, by indirect tensile test on 
cylindrical specimens [IT-CY] compacted by impact with 2 × 75 blows, k = 0.6, T = 20 °C, f = 2.2 Hz); elastic 
constants by determining the velocity of ultrasonic pulses (elasticity moduli and Poisson’s ratio at 20 °C, 

Figure 2.  Cut section of cylindrical specimens: (a) Ref. mixture made with 6% of bitumen 35/50 pen (by total 
weight of mixture); (b) RA mixture with the same content of rubberized binder (CRMB 35/50).
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according to EN-12504–4 and BS 1881: Part 203); and resistance to fatigue (EN 12697–24, by four-point 
bending test on prismatic specimens [4 PB-PR] with  106 cycles, at 20 ºC, 10 Hz).

As for the compactability test using the Marshall compactor, according to the European Standard EN 12697-
10 and the method of same sample for all energy levels, the Equation (1) shown in Table S4 in Supplementary 
Information was used to relate the thickness variation of the specimen, the compaction energy applied and the 
resistance to compaction.

To obtain the stiffness modulus according to the equation proposed by EN 12697-26 (Equation (2), see 
Table S4 in Supplementary Information), in each IT-CY test five haversine repeated loading pulses with the cor-
responding intermediate rest periods were applied, controlling the loading time during tests. The ratio of rest 
periods to loading time (R/D) were between 20.5 and 22.2. According to Ref.22, R/D should be equal or greater 
to 9 to achieve an acceptable range of error in measurement of resilient modulus. The load surface factor (k, 
related to the shape of the loading pulse curve or waveform), rise time (from zero load up to peak load), strain 
and stiffness modulus in each loading pulse were also obtained. Equation (2) provides the dynamic stiffness 
modulus. According to EN 12697-26, it was verified that the rise time was between 120 and 128 ms, the load 
surface factor (k) between 0.5 and 0.8, and the strain between 3 and 20 µm. The stiffness modulus measured was 
corrected by Equation (3) when k ≠ 0.6.

Moreover, as this is a non-destructive test, each specimen was tested at two different diametrically opposite 
positions. The load amplitude was 2700 N, the pulse frequency 2.2 Hz and the resting time 2750 ms. The tem-
perature was maintained at 20 °C throughout the test. Afterwards, averages of these moduli were calculated and 
also the mean values for each set of the three specimens with the same bitumen content.

Regarding the fatigue tests and according to European Standard EN 12697-24, in each 4 PB-PR test a repeated 
haversine load was applied on prismatic specimens. The four supporting points enable a flexural load with a 
constant strain within the two intermediate clamps of the beam specimen. 12 prismatic beams, obtained by cut-
ting slab specimens, for each type of asphalt mixture were tested at 20 °C. A strain control procedure was used. 
The levels of micro-strains were chosen, testing different series of specimens, so that a sufficiently wide range 
of the number of cycles to fatigue (N) could be achieved. In this research micro-strain ranged between 41 and 
94 µm. The level of strain for  106 cycles was 50.4 µm for the RA mixture tests.

According to EN 12697-24, the initial stiffness modulus calculated for each mixture specimen  (Smix) is 
obtained from the load, displacement and phase angle after 100 load applications. The test continues until the 
modulus diminishes to half of its initial value or up to the specimen failure. The fatigue law for fatigue life predic-
tion was obtained by linear regression of the logarithms of the number of cycles and the logarithms of the initial 
strain amplitude, according to Equation (4).

The elastic constants of the asphalt mixtures were determined by measuring the velocity of ultrasonic pulses 
(EN 12504-4) on the same cylindrical specimens before the stiffness modulus tests, since the ultrasonic test are 
non-destructive. These tests were performed using a direct transmission scheme, placing both couplant plate 
contact (CPC) piezoelectric transducers on the middle point of the bases of each cylindrical specimen. Transduc-
ers of three different low frequencies were used (24, 54 and 250 kHz), in order to avoid scattering and dispersion 
of waves by the aggregate particles and pores. Velocities of ultrasonic P-waves (longitudinal compression waves) 
and S-waves (transverse shear waves) were registered at a constant temperature of 20 °C, as moduli of bitumi-
nous materials are temperature-dependent. According to BS 1881: Part 203 and ASTM D2845-00, the ultrasonic 
elastic constants of the mixtures can be obtained as shown in Equations (5)–(7), assuming an elastic medium.

Results and discussion
Mixture production and compactability. 

(a) Influence of the compaction energy on the volumetric properties:

Volumetric properties are normally the first characteristics studied in the design of a bituminous mixture 
because these properties are crucial in its formulation and performance. Inadequate air void content and insuf-
ficient density may cause an impoverished mechanical  performance23.

Theoretical maximum density depends on the aggregate type and gradation as well as on the bitumen type 
and content. The maximum densities of the rubberized asphalt (RA) mixtures were effectively higher compared 
to the reference mixtures for the same binder contents (1–3% superior), decreasing in both mixtures proportion-
ally as the bitumen percentage increases due to the lower density of bitumen in comparison with aggregates.

Figure 3 represents bulk densities of cylindrical specimens compacted by impact with different energies 
(blows/side). As shown in this figure, bulk densities of the RA mixtures are similar (differences between 0.2 
and 2.2% by saturated surface dry [SSD] procedure; 0.3–2.6% by geometric [DIM] procedure) to the reference 
mixtures with conventional bitumen, for specimens compacted with 50 and 75 blows/side (with this last compac-
tion energy they are even slightly superior). By contrast, the samples of RA mixtures with 100 blows/side offered 
an apparently lower density (2.1–4.7% by SSD procedure; 3.7–7.4% by geometric procedure) compared to the 
reference mixtures. This contrary-to-expected behaviour suggests that the elastic properties of the rubber could 
cushion the highest dynamic compaction energies (2 × 100 blows), obtaining similar or even lower densities 
than with 2 × 75 blows. The highest bulk densities were obtained with similar binder contents in both types of 
mixtures (6.5–7% by total wt. of mix), showing the great binder absorption of these porous volcanic aggregates.

Table 1 outlines the averages of the statistical parameters regarding the results of the different properties. Bulk 
densities attained for both types of mixtures proved to be homogeneous, particularly in case of RA mixtures 
(Coefficient of variation: Cv ≤ 1.7% for RA mixtures; Cv ≤ 3.0% for Ref. mixtures).
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The air void content  (Vm) and voids in mineral aggregate (VMA) in the RA mixtures were superior compared 
to the reference mixtures for the same compaction energy (Fig. 4). This result is due to the increased theoretical 
maximum densities of the RA mixtures. Moreover, the superior air void difference observed when mixtures 
were compacted with the highest energy (2 × 100 blows) is related to the lower bulk density of RA mixtures in 
this case, as aforementioned.

A demanding compaction, because of the higher viscosity of the rubberized binder, was also suggested by 
the superior porosity of the RA mixtures, even though they were manufactured at a temperature 10 ºC superior. 
This was also noted during laboratory production of RA mixtures. In Ref.24 it was proved that the temperature 
affects directly the volumetric characteristics of RA mixtures. In Ref.25 comparable results were achieved in the 
case of recycled concrete aggregates. The difference in  Vm was minimum in compacted specimens by 2 × 75 
blows (0.1–1.4%, by SSD procedure; 0.2–2.3% by geometric procedure), moderate for 2 × 50 blows (1.4–4.5%; 
0.9–3.6%, respectively) and maximum for 2 × 100 blows (3.1–6.9%; 4.5–9.1%, respectively). This proves that the 
elastomeric character of the rubber prevents the highest dynamic compaction energies to be effective, producing 
inferior densities in the compacted specimens than some with less energy. Figure 4c and f show the percentage 
of voids filled with bitumen (VFB). In the case of RA mixtures, the percentage was lower.

(b) Compactability tests:
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Figure 3.  Densities of the bituminous mixtures on cylindrical specimens with different compaction energies: 
(a) bulk density (Proced. B: saturated surface dry, EN 12697-6); (b) Bulk density (Proced. D: geometric, EN 
12697-6).

Table 1.  Statistical dispersion parameters of the laboratory results. a  Reference mixtures without rubber;b 
Rubberized asphalt mixtures;c Standard deviation;d Coefficient of variation;e Theoretical maximum density;f 
Bulk density (saturated surface dry [SSD] procedure);g Bulk density (geometric [DIM] procedure);h Resistance 
to compaction by impact;i Stiffness modulus by indirect tensile tests on cylindrical specimens.

Property of the mixture

Ref.  mixturesa RA  mixturesb

Sdc Cv (%)d Sdc Cv (%)d

Dm,V
e 100 kg/m3 3.98 30 kg/m3 0.99

Db,SSD
f (2 × 75 blows) 60 kg/m3 2.74 40 kg/m3 1.71

Db,DIM
g (2 × 75 blows) 70 kg/m3 3.03 30 kg/m3 1.45

Db,DIM
g (2 × 100 blows) 30 kg/m3 1.18 20 kg/m3 1.06

Th 7.04 blows 14.15 13.08 blows 32.51

Sm[IT-CY]
i 375.34 MPa 5.98 521.69 MPa 8.48
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Compactability test results by the method of same sample for all energy levels (EN 12697-10) are shown 
in Fig. 5. The geometric bulk density of RA mixture specimens compacted by the Marshall impact compactor 
with the maximum energy (100 blows per side) resulted inferior to the reference mixtures, as also previously 
shown in Fig. 3b. This occurred with all the bitumen contents studied, though RA mixtures were compacted at 
a temperature 10 °C higher.

Figure 5b shows the resistance to compaction by impact (T) of cylindrical specimens up to 2 × 100 blows (cal-
culated according to the procedure suggested by EN 12697-10). With the conventional bitumen (Ref. mixtures), 
such resistance to compaction is reduced as the bitumen percentage increased, showing that with an insufficient 
binder content the internal friction among these highly-porous and rough particles is not overcome. However, 
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Figure 4.  Void characteristics of cylindrical specimens with different compaction energies (EN 12697-8) [(a)–
(c) obtained by SSD bulk density; (d)–(f) obtained by geometric bulk density].
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with the RA mixtures the resistance to compaction by impact was in general higher than with conventional bitu-
men and increased with the bitumen content, due to the higher viscosity of the rubberized binder.

 (iii) Gradation change due to compaction:

Excessive fragmentation of particles due to compaction energy could change the particle size distribution 
of the mineral skeleton increasing the percentage of fine particles and thus, modify the internal structure of the 
asphalt mixture and its volumetric and mechanical properties. Some studies tested against impact these type of 
volcanic aggregate particles and evaluated their resistance to break-up, and found a dependence of aggregate 
stability on primary particle size  distribution26. Our work also aims to verify if the elastomeric characteristics of 
the rubberized binders maybe could reduce this negative consequence. Previous research with rubberized cement 
concrete has shown increased impact resistance, even under low temperatures, due to the rubber  particles27.

The effect of the rubberized binder on highly-porous aggregate gradation change following compaction was 
carried out by comparing the particle size distribution before and after impact compaction on the cylindrical 
specimens with the maximum number of blows (2 × 100) using the Marshall compactor. The variation of the 
percentage retained between sieves for each aggregate fraction was determined (Fig. 6a) and subsequently the 
differences between the RA mixtures and the reference mixtures (Fig. 6b).

As Fig. 6a shows, an increase of the fine fraction (0–4 mm) took place in both mixtures as a consequence of the 
breaking of coarser particles (reduction in sizes 10–20 and 4–10 mm). However, the grain size degradation was 
slightly lower in the RA mixtures (the loss of the 10–20 mm fraction was 0.8–1.3% less, depending on the bitu-
men content; as for the 4–10 mm it was 0.9–3.1% less; the 0–4 mm fine fraction increment was 0.6–3.8% lower). 
Generally speaking, the particle size modification is lower as the rubberized binder percentage is increased which 
again suggests a cushioning effect of the highest dynamic energies owing to the rubber incorporated in the binder, 
increasing its elastic properties, and the higher viscosity of the mixtures with CRM bitumen.

Dynamic stiffness modulus. The stiffness of a material such as asphalt concrete depends on the stiffness 
of both the cementitious matrix (asphalt mastic) and the  aggregate28. Dynamic stiffness modulus by indirect ten-
sile tests on cylindrical specimens (IT-CY) [with load surface factor k = 0.6, at 20 °C, f = 2.2 Hz, and compacted 
with 2 × 75 blows] are shown in Fig. 7a. According to laboratory results, the stiffness modulus of the RA mixtures 
with bitumen contents of 5.5% and 6.0% was inferior to the reference mixtures (19.7% and 13.0%, respectively). 
Nonetheless, for higher binder content the dynamic stiffness proved to be greater (14.9% for 6.5% of bitumen 
and 34.4% for a content of 7%). Therefore, the elastomeric effect of the rubber may be also observed in these 
results: higher stiffness with higher rubberized binder contents. The maximum stiffness of an RA mixture was 
obtained with 6.5% of binder, a content 1% superior than with the reference mix.

Some other studies also stated that bituminous mixtures with rubberized binders present higher stiffness 
 modulus20, owing to the increased stiffness of the binders modified with tyre rubber  powder29. However, the 
results of our study have shown that, when the content of the rubber-modified binder was lower than 6.5% 
(approx. for contents lower than 6.3%, according to the regression curve), these mixtures showed inferior stiffness 
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compared to the mixtures without rubber. This could probably be explained because under these conditions the 
vesicular aggregates have more influence on the stiffness modulus, due to their porous structure and weakness. 
Furthermore, the mixtures have a higher air void volume than the reference mixtures with these lower contents 
of rubberized binder, owing to the worst coating and absorption by the pores of the rubber-modified binder, 
which is more viscous, leading to a lower stiffness of the bituminous mixture.

The results present a statistical dispersion with an average coefficient of variation (Cv) below 8.5% for the RA 
mixtures and 6.0% in case of reference mixtures (Table 1).

Fatigue laws. Cracking resistance of asphalt mixtures depends on their ductility, extensibility, and tension 
strength. These properties vary with the content of asphalt binder and with the stiffness of the mixture. The 
resistance to fatigue under repeated loads of the RA mixture with 6% of binder by four-point bending test on 
prismatic specimens (4PB-PR, at 20 ºC,  106 cycles, 10 Hz) was slightly superior to the reference mixture with 
identical binder content, as the fatigue law slope for the former resulted less pronounced (Fig. 7b). Results for 
the RA mixture also shown a better fitted regression curve  (R2 = 0.82 for RA mixture;  R2 = 0.74 for Ref. mixture). 
Moreover, the RA mixture showed higher fatigue life for initial micro-strains greater than 69.6 µm (intersection 
of both fatigue laws). The initial micro-strain for an expected service life until failure of  106 cycles increased 
by 6.6% with respect to the reference mixture without rubber, which represents an increment of the expected 
number of fatigue cycles of 49.2% to reach the aforementioned micro-strain. Figure 7c and d present scanning 
electron micrographs, showing fatigue micro-cracks with fine microscopic ridges and well pronounced dimples 
avoiding smooth fracture surfaces.

Ultrasound elastic constants. The feasibility of ultrasonic methods in asphalt mixtures has been already 
demonstrated, despite the characteristic heterogeneity and air void content of these materials. Some studies used 
direct transmission methods measuring ultrasonic pulse velocity of P-waves (compression waves) and S-waves 
(shear waves) to obtain the elastic constants of cylindrical  specimens30. In this work, the feasibility of determin-
ing these elastic constants by means of ultrasounds in the case of semi-dense asphalt mixtures with an extremely 
porous mineral aggregate has been attempted.

Figure 8 compares the elastic constants of the Ref. mixtures and the RA mixtures calculated applying the afore-
mentioned equations (Eq. (5) to Eq. (7) of Table S4 in Supplementary Information) to the results of ultrasound 
velocities on cylindrical specimens compacted by impact with 2 × 75 blows. The lower elasticity moduli of RA 
mixtures are due to their higher air void content (Fig. 4). As shown in Fig. 8, there are no differences in results 
of Young´s modulus (E) with these different low frequencies of pulses (24, 54 and 250 kHz), though results for 
Poisson´s ratio (μ) shown to be more influenced by the frequency. This ratio varied from to 0.32 to 0.35 for Ref. 
mixtures and from 0.32 to 0.37 in RA mixtures.
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Conclusions
Considering the results and discussion of this experimental study, the following conclusions may be drawn:

• The exploitation of locally available poor-quality aggregates has become an environmental, logistic, and 
economic need in many regions where environmental protection is strict or where economic resources are 
restricted. This research has proved that the use of crumb rubber from end-of-life tyres in asphalt mixtures 
with marginal volcanic aggregates becomes an efficient manner to reuse both residual materials, as well as 
improving certain mechanical properties of the mixtures.

• The higher viscosity and elastic properties of the rubberized binder produced a cushioning effect of the 
compaction energies during the production of these rubberized asphalt (RA) mixtures with vesicular basalt. 
Consequently, the air void content of the RA mixtures is superior (up to 3–7% higher, compared to mixtures 
with conventional bitumen at the same compaction energy), and so compaction is more critical and sensitive 
to the temperature and energy during compaction works.

• The presence of the rubber slightly reduced (0.6–4%) the grain size degradation of the highly porous aggregate 
during compaction, decreasing the breaking of the coarser particles, thus, maintaining the characteristics of 
the pavement mineral skeleton and improving durability. This is considered a favourable contribution of the 
rubberized binder.

• Results show that the elastomeric properties of the rubber increase significantly (15–34%) the dynamic stiff-
ness modulus of the RA mixtures with higher binder contents. This means that it is possible to utilize these 
RA mixtures with poor-quality aggregates, even with elevated bitumen percentages in structural pavements 
under heavy traffic loads.

• Such an increase of the stiffness modulus would mean in practice a reduction of the asphalt pavement thick-
ness by 6–13%, or an increase in the estimated service life by 43–90% if maintaining the same thickness, 
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respectively (for a pavement designed for 3.6·106 equivalent-to-130 kN load axles during 20 years of service 
life).

• The resistance to fatigue under dynamic loads of the RA mixture was superior compared to the mixture with 
conventional bitumen. The micro-strain needed for an expected service life of  106 cycles increased by 7%; 
this represents an increment of the expected number of fatigue load cycles of 49% and consequently, a similar 
increase of the pavement durability.

The study of the potential contribution of the rubberized binders on some different strength properties of 
these mixtures under other types of actions (e.g. indirect tensile strength tests, flow number tests and fracture 
resistance under semi-circular bend tests) is proposed for future research.

Data availability
All data generated or analysed during the laboratory tests are included in this published article (and its Sup-
plementary Information files). Raw data registered directly by testing instruments are available from the cor-
responding author under request.
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