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Abstract: The main goal of this study is to evaluate the field performance of crumb-rubber-modified
asphalt mixtures used as a surface layer on high-volume traffic roads. For this purpose, several road
sections were constructed under different climate conditions and using control mixtures (manufac-
tured with traditional SBS polymer-modified binders) and crumb-rubber-modified mixtures. After
the construction of the different road sections, cores were taken at different periods of their service
life (up to 63 months) and they were tested in the laboratory in order to assess the evolution of the
density, stiffness and fatigue resistance of the layers. Based on the results obtained from tests, it can
be concluded that under real severe traffic and climate conditions, asphalt mixtures manufactured
with crumb-rubber-modified bitumen offer ageing and mechanical performance very similar to that
offered by asphalt mixtures manufactured with traditional SBS-modified bitumen. Based on these
considerations, this application can be an interesting solution to minimize environmental problems
caused by end-of-life tires in landfills.
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1. Introduction

End-of-life tires are one of the most widely produced types of solid waste around the
world [1]. They are composed of high-quality materials such as rubber, metallic fibers,
nylon fiber, etc., that are difficult to degrade but which can offer interesting solutions to
primary materials when they are re-used for a second purpose. Therefore, during the last
few decades, many efforts have been made to find applications for the valorization of
end-of-life tires [2–6]. One of the most common and successful applications is to reuse their
rubber as a binder modifier in bituminous mixtures. For this purpose, the rubber from the
tire is transformed into crumb, and it is incorporated into the asphalt binder (wet process)
or directly into the mixture as a part of the mineral skeleton (dry process) [7].

Its application as a modifier in bituminous mixtures permits the recovery of this waste
in huge quantities, helping to contribute to circular economy principles (around 1000 tires
could be reused per kilometer of road, when using a bituminous mixture modified with
0.5% of its total weight and a thickness layer of 6 cm). In addition, many laboratory studies
have demonstrated that the use of crumb rubber as a modifier of asphalt mixtures improves
their resistance to fatigue cracking [8,9] and to plastic deformation [10], reduces their
ageing [11], increases their durability [12,13] or minimizes the rolling noise [14,15]. Thus,
this method of valorization can result in more durable road pavements, with less need
for maintenance, which contributes to the more sustainable and effective management of
natural, economic and energy resources.

After decades of use, there are many experiences that have already proven the advan-
tages of the application of crumb rubber from end-of-life tires as a bituminous mixture
modifier [16–24]. However, in other countries, such as Spain [25,26], there are doubts about
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the efficiency in the long term, especially when they are applied on surface layers, on
high-volume traffic roads or in severe climate conditions. Traditionally, the performance
of the applications has not been properly documented and there is a lack of information,
which prevents road administrators from selecting these materials instead of traditional
SBS-modified binders (which have decades of success and trustable use). Therefore, the
application of crumb rubber is not common under these circumstances. In addition, there is
some skepticism about its workability in cold climates [27], its stability to form an homoge-
neous blend [8] or its skid resistance [28], as well as about its economic and environmental
viability [29].

In order to determine in depth the real performance of crumb-rubber-modified asphalt
mixtures, during the last few years, the road administration of the government of Andalusia
(Spain) has applied them on the surface layers of some highway sections that experience
high volumes of traffic and unfavorable climate conditions. To evaluate these materials,
a study on the evolution of the mechanical performance of them during their service life
in comparison to traditional SBS-modified material has been carried out in collaboration
with the Laboratory of Construction Engineering of the University of Granada. For this
purpose, cores directly extracted from the surface layer of the pavement at different dates
were tested at the laboratory, determining the evolution of important parameters such as
density, stiffness or fatigue cracking resistance. This paper summarizes the main results
obtained in this research work so far.

2. Materials and Methods
2.1. Materials

This paper is focused on the study of 3 sections of the high-traffic-capacity road
network of Andalusia (Spain), on the A-316 highway (Jaen) and A-92 highway (Granada, in
two different locations). The main characteristics of these highway sections are summarized
in Table 1. The A-316 offered less severe service conditions, with less than 600 heavy vehicles
daily and no presence of snow/ice over the road surface. On the opposite site, the A-92-I
offered the most severe conditions in terms of traffic and climate (more than 3000 heavy
vehicles pass every day and the presence of snow, frost and chemical substances for de-icing
is quite common for 5 months every year).

Table 1. Characteristics of the service conditions in the sections studied.

A-316 A-92-I A-92–II

Date of traffic opening November, 2015 September, 2017 July, 2018

Annual average daily traffic
(Number of vehicles) 8000 18,000 11,000

Percentage of heavy traffic (over
the total number of vehicles) 8 17 7

Climate conditions

~750 m above sea level; rarely
frost/snow over the road

surface during
autumn/winter; maximum

average temperatures in
summer ~36 ◦C; minimum

average temperatures in
winter ~4 ◦C

~1400 m above sea level; very
frequent frost/snow over the

road surface during
autumn/winter; maximum

average temperatures in
summer ~30 ◦C; minimum

average temperatures in
winter ~1 ◦C

~1100 m above sea level;
frequent frost/snow over
the road surface during

autumn/winter;
maximum average

temperatures in summer
~33 ◦C; minimum average

temperatures in
winter ~4 ◦C;

All these sections were constructed using a surface layer of 3 cm thickness and using
different job mix formulas of BBTM 11B PMB 45/80-60 C (an asphalt mixture composed of a
gap-graded mineral skeleton with a maximum aggregate size of 11 mm and manufactured
with a crumb-rubber-modified asphalt binder [30]). In all the highway sections studied,
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a sub-section of around 400 m was also constructed using BBTM 11B PMB 45/80-60,
manufactured with the same mineral skeleton but using a conventional SBS polymer-
modified bitumen from a refinery (these reference sections were constructed side by side to
ensure the same environmental and traffic conditions as the crumb-rubber-modified asphalt
layers). Table 2 summarizes the main characteristics of the job mix formulas used in the
construction of the different sections studied. As can be observed, all the job mix formulas
offered similar properties (optimal binder content, density and voids) and mechanical
performance, measured in laboratory tests conducted on mixture samples obtained in the
asphalt plants used during the construction of the highway sections studied. In addition, it
must be highlighted that there were no significant differences between them in terms of
costs, workability or bitumen homogeneity.

Table 2. Characteristics of the job mix formulas used in the construction of the highway sections studied.

SBS A-316 CR A-316 (I) CR A-316 (II) SBS A-92 CR A-92

Type of aggregate coarse
fraction (6/12 mm) Ophite Trachyte Ophite Ophite Ophite

Type of aggregate fine
fraction (0/6 mm) Siliceous Limestone Siliceous Limestone Limestone

Type of filler Portland Cement Portland Cement Portland Cement Portland
Cement Portland Cement

Type of binder SBS PMB 45/80-60 CR PMB 45/80-60
Continuous blend (CB)

CR PMB 45/80-60
Terminal blend (TB)

SBS PMB
45/80-60

CR PMB 45/80-60
Terminal blend (TB)

Optimal binder content
(%/mixture weight) 4.78 4.79 4.82 4.80 4.75

Aparent density (g/cm3),
UNE-EN 12697-6 [31]

2.386 2.087 2.391 2.146 2.178

Voids in mixture (%),
UNE-EN 12697-8 [32] 14.3 16.9 15.1 16.5 18.0

Dry indirect tensile
strength (kPa) [33] 1702 1670 1691 1287 1100

Indirect tensile strength
ratio (%) [34] 88.9 94.8 84.3 91.9 95.5

Wheel tracking slope
(mm/103 cycles) [35] 0.06 0.04 0.08 0.06 0.05

Figure 1 shows the rheological properties (black diagrams) of the fresh binders used
in the manufacture of the mixtures.
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2.2. Testing Plan

During the service life of the three highway sections studied, cores from the surface
layers were extracted at different times (Table 3). A total of 6 cores on each extraction
campaign were obtained from the different mixtures studied. All these cores were obtained
in the right carriageway over the wheel path at the same 6 different kilometric points in
order to avoid the inclusion of new variables in the study (Figure 2). Once the cores were
extracted, the 3 cm surface layers were sawed at the laboratory to be tested.

Table 3. Dates on which the cores were extracted in each highway section studied.

Core
Extraction
Campaign

A-316 A-92-I A-92-II

1 0 months (November, 2015) 1 month (October, 2017) 11 months (June 2019)

2 6 months (May, 2015) 18 months (March, 2019) 36 months (July 2021)

3 37 months (January, 2019) 46 months (July, 2021) -

4 63 months (February, 2021) - -
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The superficial aspects of the highway sections studied during the last campaign are
shown in Figures 3–5.
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Once the cylindrical cores were obtained from the road on the different dates, their
apparent density (according to UNE-EN 12697-6 [31] for specimens with more than 10%
of voids in mixture) was determined using the geometric procedure (where the mass of
the core is divided by the volume of the core defined by their height and diameter). After
this, their stiffness at 20 ◦C was measured according to UNE-EN 12697-26 (annex C) [36],
where 15 indirect tensile load pulses (10 of conditioning, and the last 5 used for measured
the average stiffness of the core), in the form of versine and with a 3 s duration for each
one, were applied in two different diameters of the core (the value of stiffness is considered
as the average of the average values obtained in the last 5 load pulses of each diameter).
After this, the fatigue cracking resistance of the cores was measured using the University of
Granada-Fatigue Asphalt Cracking Test (UGR-FACT) [37]. The configuration of the testing
device [38] induced combined efforts in the cores (bending, tensile and shear), similar to
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those that occurred during their service life in the pavement layer (Figure 6). Based on
the displacements measured and on the number of load cycles required to produce their
failure (the total propagation of a crack causing the breakage of the specimen into two
pieces), the fatigue resistance of the materials was obtained. This test was demonstrated
to be a useful and sensitive tool to measure the influence of different design parameters,
such as the aggregate nature [39], the type of binder [40–42], the use of additives [43] or
the traffic and climatic service conditions [44,45], on the fatigue and structural resistance of
asphalt mixtures. In addition, UGR-FACT was already demonstrated to be a good tool for
studying the effect of sustainable technologies on asphalt materials’ cracking resistance,
such as healing [46], different warm-mix asphalt technologies [47] or the addition of crumb
rubber [9]. During this research, the cores obtained on different dates in the three highway
sections were tested using versine load cycles of 0.2 MPa amplitude at a frequency of 5 Hz
at 15 ◦C. For this purpose, they were sawed to obtain specimens with 100 mm maximum
length, 60 mm maximum width and 30 mm thickness (Figure 6).
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3. Analysis of Results

Figure 7 shows the evolution of the cores’ densities as a function of the service life, for
each section of highway studied. As can be observed, slight variations were observed in
terms of density of the asphalt layers along their service life (thus, the changes observed
in their mechanical performance cannot be related to this parameter). In addition, it can
be said that no differences were observed between the mixtures manufactured with the
crumb-rubber-modified bitumen and those using the SBS-modified one (the evolution of the
density of the layers is the same regardless the type of modified binder used). Furthermore,
the binder content measured in the cores and their aggregate gradations were also very
constant along the service life.
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highway sections studied: (a) A-316; (b) A-92-I; (c) A-92-II.

The evolution of the stiffness of the layers as a function of the service life is shown
in Figure 8. It is observed that, due to ageing, the asphalt layers increased in stiffness
linearly along their service life, regardless of the type of bituminous binder used (it must
be highlighted the high correlation coefficient of the straight line). SBS polymer-modified
asphalt mixtures had a rate of stiffness increment of around 64 MPa/month in the A-316
section, 49 MPa/month in the A-92-I section and 67 MPa/month in the A-92-II section
(which gives an average of 60 MPa/month, with a coefficient of variation of 15%). Re-
finery crumb-rubber-modified asphalt mixtures (terminal blend) had a rate of stiffness
increment of 58 MPa/month in the A-316 section, 78 MPa/month in the A-92-I section
and 105 MPa/month in the A-92-II section (which gives an average of 80 MPa/month,
with a coefficient of variation of 30%). Based on these results, it can be said that no
significant differences were found between highway sections and that the crumb-rubber-
modified asphalt binder suffered a 25% higher stiffness variation than the SBS-modified
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one. Nonetheless, when analyzing the mixture manufactured with the continuous-blend
crumb-rubber-modified bitumen in the A-316 section, it was observed that the rate of
stiffness increment was 43 MPa/month, which was 30% less than the stiffness increment
observed in the SBS-modified one for the same circumstances. Therefore, it can be con-
cluded that crumb-rubber-modified bitumens and SBS-modified bitumens offer stiffness
effects in a similar order during their service life.
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Figure 8. Evolution of the stiffness measured in the cores obtained along the service life of the
highway sections studied: (a) A-316; (b) A-92-I; (c) A-92-II.

Figure 9 shows the fatigue laws obtained from the cores extracted at different periods
of the service life of the highway section studied using UGR-FACT. As can be observed,
there were no significant differences between the mixtures manufactured with the crumb-
rubber-modified binders and the SBS-modified ones (for the same job mix formula, no
significant differences have been obtained). Instead, it is shown that the BBTM 11B job mix
formula used in A-92 offered slightly higher fatigue resistance than those used in A-316.
Thus, it can be said that crumb-rubber-modified asphalt binders also offer similar long-term
performance under cycling fatigue loads as the SBS-modified bitumens.
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Figure 9. Fatigue laws measured in the cores obtained along the service life of the highway sec-
tions studied.

Figure 10 shows the evolution of the fatigue cracking resistance of the asphalt layers
studied as a function of the service life in A-316 and A-92 sections, measured using UGR-
FACT. Due to the similarity in the fatigue laws obtained, the results were grouped in order
to show the trend marked by the service life. In this respect, it was observed that the fatigue
resistance of asphalt layers tends to increase during the first periods of their service life
(until 20–40 months, depending on the traffic volume and due to the strain hardening
suffered [9]), and after this, it starts to decrease, which marks a point at which the traffic
loads would start to deteriorate the asphalt layer.
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Figure 10. Evolution of the resistance to fatigue cracking of the highway section studied as a function
of the service life.

4. Conclusions

This paper summarizes the results obtained in a research study whose main objective
was to carry out an in-depth analysis of the mechanical performance of crumb-rubber-
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modified bitumen under severe traffic and climate conditions in real road pavements.
For this purpose, cores were extracted on different dates from the surface layers of three
highway sections that were constructed using a crumb-rubber-modified bitumen (PMB
45/80-60 C), and they were compared with cores extracted on the same date and at the
same location from surface layers constructed with SBS-modified bitumen (PMB 45/80-60).
These cores were tested at the laboratory to determine their density (UNE-EN 12697-6),
stiffness (UNE-EN 12697-26, annex C) and resistance to fatigue (UGR-FACT). From the
results obtained in this study, the following conclusions can be drawn:

- The density of the surface layers studied was not affected by the service life (being
constant over time and very similar to those reached after the pavement’s construction),
regardless of the type of asphalt binder used (SBS or crumb-rubber-modified).

- The stiffness of the surface layers studied was significantly affected by the service life
due to the effects of the environmental agents. The mixture BBTM 11B showed a rate
of stiffness increment between 43 and 105 MPa per month, but we did not observe a
clear dependence of this rate on the type of binder used or the climate conditions in
the highway section studied. Thus, it can be concluded that surface asphalt mixtures
manufactured with SBS or crumb-rubber-modified binders offer a similar stiffening
process during their service life.

- The results obtained in terms of long-term resistance (fatigue cracking) also demon-
strated that the mixtures manufactured with SBS or crumb-rubber-modified binders
offer similar performance. In both types of materials and in the three highway sections
studied, it was observed that during the first 20–40 months of service life (depending
on the volume of traffic supported), the surface asphalt mixtures increased in resis-
tance to fatigue loading (due to the strain hardening phenomenon), and after this
period, they became susceptible to fatigue damage (which, in the end, would cause
the failure of the layer).

The results obtained in the study presented show that, under real severe traffic and
climate conditions, the asphalt mixtures manufactured with crumb-rubber-modified bi-
tumen offer ageing and mechanical performance very similar to that offered by asphalt
mixtures manufactured with traditional high-performance SBS-modified bitumen. As
future research, it would be interesting to continue this study by adding aspects related to
the serviceability of pavements and road safety, such as IRI or skid resistance, and applying
a life cycle cost analysis to determine the materials’ real efficiency.

Author Contributions: Conceptualization, F.J.S.-C.d.A., F.M.-N. and M.d.C.R.-G.; methodology,
F.M.-N. and M.d.C.R.-G.; validation, F.M.-N. and M.d.C.R.-G.; formal analysis, F.J.S.-C.d.A. and
F.M.-N.; investigation, F.J.S.-C.d.A., F.M.-N. and M.d.C.R.-G.; resources, F.J.S.-C.d.A., F.M.-N. and
M.d.C.R.-G.; data curation, F.J.S.-C.d.A. and F.M.-N.; writing—original draft preparation, F.J.S.-C.d.A.;
writing—review and editing, F.J.S.-C.d.A. and F.M.-N.; visualization, M.d.C.R.-G.; supervision,
M.d.C.R.-G.; project administration, F.M.-N. and M.d.C.R.-G.; funding acquisition, F.J.S.-C.d.A.,
F.M.-N. and M.d.C.R.-G. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors wish to acknowledge SIGNUS Ecovalor and Consejería de Fomento,
Infraestructuras y Ordenación del Territorio de la Junta de Andalucía, for the support provided
during some parts of the research conducted.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2022, 15, 8366 11 of 12

References
1. Valentini, F.; Pegoretti, A. End-of-life options of tyres. A review. Adv. Ind. Eng. Polym. Res. 2022, 5, 203–213. [CrossRef]
2. Djadouni, H.; Trouzine, H.; Correia, A.G.; Miranda, T.F.d.S. Life cycle assessment of retaining wall backfilled with shredded tires.

Int. J. Life Cycle Assess. 2018, 24, 581–589. [CrossRef]
3. Ganjian, E.; Khorami, M.; Maghsoudi, A.A. Scrap-tyre-rubber replacement for aggregate and filler in concrete. Constr. Build.

Mater. 2009, 23, 1828–1836. [CrossRef]
4. Sol-Sánchez, M.; Moreno-Navarro, F.; Martínez-Montes, G.; Rubio-Gámez, M.C. An alternative sustainable railway maintenance

technique based on the use of rubber particles. J. Clean. Prod. 2017, 142, 3850–3858. [CrossRef]
5. Moreno-Navarro, F.; Sol-Sánchez, M.; Rubio-Gámez, M.C. Reuse of deconstructed tires as anti-reflective cracking mat systems in

asphalt pavements. Constr. Build. Mater. 2014, 53, 182–189. [CrossRef]
6. Myhre, M.; MacKillop, D.A. Rubber recycling. Rubber Chem. Technol. 2002, 75, 429–474. [CrossRef]
7. Picado-Santos, L.G.; Capitão, S.D.; Neves, J.M.C. Crumb rubber asphalt mixtures: A literature review. Constr. Build. Mater. 2020,

247, 118577. [CrossRef]
8. Zhu, Y.; Xu, G.; Ma, T.; Fan, J.; Li, S. Performances of rubber asphalt with middle/high content of waste tire crumb rubber. Constr.

Build. Mater. 2022, 335, 127488. [CrossRef]
9. Moreno-Navarro, F.; Rubio-Gámez, M.C.; del Barco-Carrión, A.J. Tire crumb rubber effect on hot bituminous mixtures fatigue-

cracking behaviour. J. Civ. Eng. Manag. 2016, 22, 65–72. [CrossRef]
10. Moreno, F.; Sol, M.; Martín, J.; Pérez, M.; Rubio, M.C. The effect of crumb rubber modifier on the resistance of asphalt mixes to

plastic deformations. Mater. Des. 2013, 47, 274–280. [CrossRef]
11. Raad, L.; Saboundjian, S.; Minassian, G. Field aging effects on the fatigue of asphalt concrete and asphalt-rubber concrete. Transp.

Res. Rec. 2001, 1767, 126–134. [CrossRef]
12. Pasquini, E.; Canestrari, F.; Santagata, F.A. Durability Assessment of Asphalt Rubber Mixtures. Int. J. Pavement Res. Technol. 2012,

5, 69–74.
13. Pasquini, E.; Canestrari, F.; Cardone, F.; Santagata, F.A. Performance evaluation of gap graded Asphalt Rubber mixtures. Constr.

Build. Mater. 2011, 25, 2014–2022. [CrossRef]
14. Sacramento County—Department of Environmental Review and Assessment; Bollard & Brennan. Report on Status of Rubberized

Asphalt Traffic Noise Reduction in Sacramento County; Sacramento County—Department of Environmental Review and Assessment;
Bollard & Brennan: Auburn, CA, USA, 1999.

15. McNerney, M.; Landsberger, B.J.; Turen, T.; Pandelides, A. Comparative Field Measurements of Tyre/Pavement Noise of Selected Texas
Pavements; Report No. FHWA/TX-7-2957-2; University of Texas: Austin, TX, USA, 2000.

16. State of California Department of Transportation. Asphalt Rubber Usage Guide. Materials Engineering and Testing Services; State of
California Department of Transportation: Sacramento, CA, USA, 2006.

17. Amirkhanian, S.N. Utilization of Crumb Rubber in Asphaltic Concrete Mixtures. South Carolina’s Experience; Report Draft; Department
of Civil Engineering, Clemson University: Clemson, SC, USA, 2001.

18. Updyke, E.; Diaz, I. Rubberized Asphalt Concrete Case Studies. In Proceedings of the 2008 California Pavement Preservation
Conference, Newport Beach, CA, USA, 9–10 April 2008.

19. Shatnawi, S.R. Performance of Asphalt Rubber Mixes in California. Int. J. Pavement Eng. 2001, 2, 1–16. [CrossRef]
20. Tahmoressi, M. Evaluation of Asphalt Rubber Pavements in Texas; Report prepared for Rubber Pavements Association; PaveTex

Engineering and Testing, Inc.: Dripping Springs, TX, USA, 2001.
21. Choubane, B.; Sholar, G.A.; Musselman, J.A.; Page, G.C. Long Term Performance Evaluation of Asphalt-Rubber Surface Mixes; State of

Florida Research Report FL/DOT/SMO/98-431; State Materials Office: Gainesville, FL, USA, 1998.
22. Hicks, R.G.; Epps, J.A. Life Cycle Cost Analysis of Asphalt-Rubber Paving Materials; Final Report Volumes I and II to Rubber

Pavements Association; Rubber Pavements Association: Tempe, AZ, USA, 1999.
23. Jung, J.-S.; Kaloush, K.E.; Way, G. Life Cycle Cost Analysis: Conventional versus Asphalt Rubber Pavements; Rubber Pavements

Association: Tempe, AZ, USA, 2002.
24. Sousa, J.; Way, G.; Carlson, D.D. Cost Benefit Analysis and Energy Consumption of Scrap Tire Management Options; Rubber Pavements

Association: Tempe, AZ, USA, 2001.
25. CEDEX (Centro de Estudios y Experimentación de Obras Públicas). Manual de Empleo de Caucho de NFU en Mezclas Bituminosas;

Ministerio de Fomento: Madrid, Spain; Ministerio de Medio Ambiente: Madrid, Spain, 2007.
26. Dirección General de Carreteras. Pliego de Prescripciones Técnicas Generales para Obras de Carreteras y Puentes PG-3; Ministerio de

Fomento: Madrid, Spain, 2019.
27. Wang, T.; Xiao, F.; Armikhanian, S.; Huang, W.; Zheng, M. A review on low temperature performances of rubberized asphalt

materials. Constr. Build. Mater. 2017, 145, 483–505. [CrossRef]
28. Pomoni, M.; Plati, C.; Kane, M.; Loizos, A. Polishing behaviour of asphalt surface course containing recycled materials. Int. J.

Transp. Sci. Technol. 2022, 11, 711–725. [CrossRef]
29. Riekstins, A.; Haritonovs, V.; Straupe, V. Economic and environmental analysis of crumb rubber modified asphalt. Constr. Build.

Mater. 2022, 335, 127468. [CrossRef]
30. EN 1308-2; Bituminous Mixtures. Materials Specifications—Part 2: Asphalt concrete for very thin layers. AENOR (Asociación

Española de Normalización y Certificación): Madrid, Spain, 2012.

http://doi.org/10.1016/j.aiepr.2022.08.006
http://doi.org/10.1007/s11367-018-1475-3
http://doi.org/10.1016/j.conbuildmat.2008.09.020
http://doi.org/10.1016/j.jclepro.2016.10.077
http://doi.org/10.1016/j.conbuildmat.2013.11.101
http://doi.org/10.5254/1.3547678
http://doi.org/10.1016/j.conbuildmat.2020.118577
http://doi.org/10.1016/j.conbuildmat.2022.127488
http://doi.org/10.3846/13923730.2014.897982
http://doi.org/10.1016/j.matdes.2012.12.022
http://doi.org/10.3141/1767-16
http://doi.org/10.1016/j.conbuildmat.2010.11.048
http://doi.org/10.1080/10298430108901713
http://doi.org/10.1016/j.conbuildmat.2017.04.031
http://doi.org/10.1016/j.ijtst.2021.09.004
http://doi.org/10.1016/j.conbuildmat.2022.127468


Materials 2022, 15, 8366 12 of 12

31. EN 12697-6; Bituminous mixtures. Test Methods for Hot Mix Asphalt—Part 6: Determination of bulk density of bituminous
specimens. AENOR (Asociación Española de Normalización y Certificación): Madrid, Spain, 2012.

32. EN 12697-8; Bituminous mixtures. Test Methods for Hot Mix Asphalt—Part 8: Determination of void characteristics of bituminous
specimens. AENOR (Asociación Española de Normalización y Certificación): Madrid, Spain, 2003.

33. EN 12697-23; Bituminous mixtures. Test Methods for Hot Mix Asphalt—Part 23: Determination of the indirect tensile strength of
bituminous specimens. AENOR (Asociación Española de Normalización y Certificación): Madrid, Spain, 2018.

34. EN 12697-12; Bituminous mixtures. Test Methods for Hot Mix Asphalt—Part 12: Determination of the water sensitivity of
bituminous specimens. AENOR (Asociación Española de Normalización y Certificación): Madrid, Spain, 2008.

35. EN 12697-22; Bituminous mixtures. Test Methods for Hot Mix Asphalt—Part 22: Wheel Tracking. AENOR (Asociación Española
de Normalización y Certificación): Madrid, Spain, 2008.

36. EN 12697-26; Annex C: Bituminous mixtures. Test Methods for Hot Mix Asphalt—Part 26: Stiffness. AENOR (Asociación
Española de Normalización y Certificación): Madrid, Spain, 2012.

37. Moreno-Navarro, F.; Rubio-Gámez, M.C. UGR-FACT Test for the Study of Fatigue Cracking in Bituminous Mixes. Constr. Build.
Mater. 2013, 43, 184–190. [CrossRef]

38. Moreno-Navarro, F.; Rubio-Gámez, M.C. A review of fatigue damage in bituminous mixtures: Understanding the phenomenon
from a new perspective. Constr. Build. Mater. 2016, 113, 927–938. [CrossRef]

39. Moreno, F.; Rubio, M.C. Effect of aggregate nature on the fatigue-cracking behavior of asphalt mixes. Mater. Des. 2013, 47, 61–67.
[CrossRef]

40. Moreno-Navarro, F.; Sol-Sánchez, M.; Rubio-Gámez, M.C. The effect of polymer modified binders on the long-term performance
of bituminous mixtures: The influence of temperature. Mater. Des. 2015, 78, 5–11. [CrossRef]

41. Moreno-Navarro, F.; Sol-Sánchez, M.; del Barco, A.J.; Rubio-Gámez, M.C. Analysis of the influence of binder properties on the
mechanical response of bituminous mixtures. Int. J. Pavement Eng. 2017, 18, 73–82. [CrossRef]

42. Moreno-Navarro, F.; Sol-Sánchez, M.; Tomás-Fortún, E.; Rubio-Gámez, M.C. High-modulus asphalt mixtures modified with
acrylic fibers for their use in pavements under severe climate conditions. J. Cold Reg. Eng. 2016, 30, 04016003. [CrossRef]

43. Moreno-Navarro, F.; Sol-Sánchez, M.; Rubio-Gámez, M.C. Structural analysis of polymer modified bituminous materials in the
rehabilitation of light-medium traffic volume roads. Constr. Build. Mater. 2017, 156, 621–631. [CrossRef]

44. Moreno-Navarro, F.; Sol-Sánchez, M.; García-Travé, G.; Rubio-Gámez, M.C. Fatigue cracking in asphalt mixtures: The effects of
ageing and temperature. Road Mater. Pavement Des. 2018, 19, 561–570. [CrossRef]

45. Moreno-Navarro, F.; Sol-Sánchez, M.; Rubio-Gámez, M.C. Exploring the recovery of fatigue damage in bituminous mixtures: The
role of healing. Road Mater. Pavement Des. 2015, 16, 75–89. [CrossRef]

46. Ayar, P.; Moreno-Navarro, F.; Sol-Sánchez, M.; Rubio-Gámez, M. Exploring the recovery of fatigue damage in bituminous
mixtures: The role of rest periods. Mater. Struct. 2018, 51, 25. [CrossRef]

47. Sol-Sánchez, M.; Fiume, A.; Moreno-Navarro, F.; Rubio-Gámez, M.C. Analysis of fatigue cracking of warm mix asphalt. Influence
of the manufacturing technology. Int. J. Fatigue 2018, 110, 197–203. [CrossRef]

http://doi.org/10.1016/j.conbuildmat.2013.02.024
http://doi.org/10.1016/j.conbuildmat.2016.03.126
http://doi.org/10.1016/j.matdes.2012.12.048
http://doi.org/10.1016/j.matdes.2015.04.018
http://doi.org/10.1080/10298436.2015.1057138
http://doi.org/10.1061/(ASCE)CR.1943-5495.0000108
http://doi.org/10.1016/j.conbuildmat.2017.09.006
http://doi.org/10.1080/14680629.2018.1418717
http://doi.org/10.1080/14680629.2015.1029706
http://doi.org/10.1617/s11527-018-1146-7
http://doi.org/10.1016/j.ijfatigue.2018.01.029

	Introduction 
	Materials and Methods 
	Materials 
	Testing Plan 

	Analysis of Results 
	Conclusions 
	References

