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ABSTRACT: The use of crumb rubber modified bitumen (CRMB) in asphalt mixes is a road engineering tech-
nology that has become increasingly important in recent years. Given the many economic and environmental 
benefits of this type of binder, the goal is to give CRMB the same level of performance as conventional polymer-
modified bitumen. The appearance and propagation of cracks due to fatigue phenomena is one of the most 
common distresses affecting road pavements. Since crumb rubber enhances the mechanical properties of asphalt 
mixes, it can provide a viable solution for fatigue cracking. This paper presents the results of a comparative 
analysis of the fatigue-cracking behavior of asphalt mixtures manufactured with crumb rubber modified bitu-
men and polymer-modified bitumen.
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RESUMEN: Evaluación del comportamiento a macro-fisuración por fatiga de mezclas bituminosas modifica-
das con polvo de neumático. El empleo de betunes modificados con polvo de neumático usado en la fabri-
cación de mezclas bituminosas es una de las técnicas que mayor auge está teniendo en los últimos años en la 
ingeniería de carreteras. Dadas sus grandes ventajas económicas y ambientales, este tipo de ligantes pretende 
conseguir prestaciones similares a la de los betunes modificados con polímeros utilizados habitualmente. 
La aparición de fisuras debido a fenómenos de fatiga es una de las patologías más comunes en firmes de 
carretera. Debido a las mejoras de las propiedades mecánicas del betún aportadas tras la incorporación 
de polvo de neumático, las mezclas fabricadas con estos ligantes se postulan como una posible solución a 
dicho problema. En este artículo se lleva a cabo un análisis comparativo del comportamiento a fisuración 
por fatiga realizado sobre mezclas bituminosas fabricadas con betún modificado con polvo de neumático y 
con polímeros.

PALABRAS CLAVE: Mezclas bituminosas; Polvo de neumático; Fisuración por fatiga; Ensayo de flexión en 4 puntos
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1. INTRODUCTION

Fatigue cracking is one of the most common 
road pavement distresses affecting pavement sur-
faces throughout the world. In fact, its negative 
impact on roads can prematurely end their service 
life. It is thus crucial to design materials, capable of 
withstanding the stresses and strains produced by 
cyclic traffic loads and temperature changes, which 
are the main causes of fatigue cracking (1).

Bituminous mixes are the most widely used 
material in road construction (2). For this reason, 
the enhancement of their mechanical performance 
contributes to the development of longer lasting 
pavement surfaces. Nevertheless, despite the many 
studies carried out around this distress, fatigue 
cracking is one of the main issues in relation to the 
researches which are developing in road engineer-
ing. Thus, there is a need for an in-depth study of 
why and how cracks appear and propagate, in order 
to improve the mechanical performance of bitumi-
nous mixes for a wide range of environmental con-
ditions and for different types of load.

The addition of crumb rubber modifier (CRM) 
from end-of-life tires to bituminous mixes (by the 
dry process as well as the wet process) enhances the 
mechanical performance of these mixes and their 
resistance to fatigue and deformation, which are the 
main causes of cracking (3). The reaction between 
the CRM and bitumen at a certain temperature 
increases the viscosity of the bitumen and modi-
fies its rheological properties, thus giving it greater 
elasticity and lower thermal susceptibility. Since 
this makes the CRM mix more resistant to fatigue 
cracking, the addition of crumb rubber modifier is 
an effective way to delay cracking and thus prolong 
the service life of the pavement surface (4–6).

Given these reasons as well as the many advan-
tages of  recycling end-of-life tires, great efforts are 
currently being made to develop high-performance 
bitumens modified with crumb rubber. For this 
purpose, certain quantities of  crumb rubber are 
added to conventional bitumen in order to improve 
its performance and thus lengthen the service life of 
the mix. The objective is for this binder to achieve 
a performance similar to that of  the polymer- 
modified bitumens (SBS and EVA), which are cur-
rently in use.

This research evaluates the fatigue-cracking 
strength of a crumb rubber wet-process mix, con-
taining high-viscosity rubber-modified bitumen 
(HVRMB). These results were compared with 
those obtained for other mixes of the same com-
position, but which were manufactured with high-
performance polymer-modified bitumen (BM3b). 
This study is focused on the evaluation of the 
resistance of the material to the propagation of 
macro-cracks (an aspect rarely studied during the 

evaluation of the fatigue behavior of asphalt mixes 
(7)) instead of the fatigue-resistance properties of 
CRM mixes, which have been analyzed and dem-
onstrated by various authors (8). For this purpose, 
a correlation of the mechanical response of the 
materials (stress values and deformations) and their 
deterioration (measured with an image monitoring 
system and optic sensors) has been made. 

2. METHODOLOGY

2.1. Materials

Two of the most commonly mixes used to miti-
gate cracking in pavement surfaces have been studied 
in this research: sand-asphalt (S-A) and stone mas-
tic asphalt (SMA) (9, 10). All mixes were manufac-
tured with the same filler (cement) and had the same 
aggregate type (limestone). Thus, this study focused 
on the evaluation of the effect of the two types of 
binder used: (i) polymer-modified bitumen (BM3b); 
(ii) high-viscosity rubber-modified bitumen via the 
wet process (HVRMB). The characteristics of the 
mix components are listed in Tables 1 and 2.

The grain sizes used to manufacture the S-A 
and SMA mixes are shown in Figure 1. It should 
be underlined that the mineral skeletons of the 
HVRMB and BM3b mixes were the same and that 
the mixes only differed in the type and content 
of the binder. Table 3 lists the properties of the 
mixes in regards to moisture sensitivity and plastic 
deformations.

2.2. Experimental design

Mix resistance to fatigue cracking was evaluated 
with the 4-point bending test. The dimensions of the 
test specimens were 410 × 50 × 50 mm. The experi-
mental device used had a high-resolution image 
capturing system as well as an optic sensor, which 
monitored deformations and thus facilitated the 
analysis of the cracking process in the specimens. In 
this way, the force and deformation values occurred 
during each load cycle as well as the propagation 
of the macro-crack, was recorded inside a repre-
sentative volume where the cracking process takes 
place. Furthermore, two movement indicators were 
placed near the macro-crack (on both sides of the 
crack and underneath it), which are used to measure 
the deformations produced in the lips of the crack 
(Figure 2).

The test specimens had a triangular notch located 
in the center (10 mm high and 10 mm long at the 
base). This made it possible to induce the appear-
ance of the macro-crack in the area monitored by the 
camera (Figure 2). The failure criterion signaling the 
end of the test was when the macro-crack attained 
a length of 25 mm. When this value was reached, 
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the propagation of the crack became unstable and it 
was no longer possible to track its behavior. Macro-
crack propagation was monitored by digitally mea-
suring the crack as captured in sequential images. 

For this purpose, the area where the crack appeared 
and subsequently spread was painted white.

For a more in-depth study of mix response to crack-
ing, the experiment was carried out inside a climate 

Table 1. Aggregate properties

Test Result

Flakiness index (%) (UNE-EN 933-3) 2

Resistance to fragmentation (UNE-EN1097-2) 20

Percent of fractured face (%) (UNE-EN 933-5) 100

Cleaning of coarse aggregate (organic impurity content) (Annex C, UNE 146130) 0.01

Sand equivalent (UNE-EN 933-8) 72

Table 2. Bitumen properties

Bitumen BM3b HVRMB

Penetration (UNE-EN 1426) (mm) 54 66

Softening point, ring and ball method (UNE-EN 1427) (°C) 68.1 70.0

Fragility temperature (Fraas method) (UNE-EN 12593) (°C) −17 −15

Elastic recovery at 25 °C (NLT 329) (%) 73 80

Force ductility at 5 °C (UNE 13589) (J/cm2) 27 8

Flash and fire point (UNE-EN ISO 2592) (°C) 258 268

Storage stability (UNE-EN 13399)
Ring-ball (°C) 0.2 1.4

Penetration difference (mm) 0 0

Table 3. Properties of the mixes

Mix
Binder  

content (%)
Apparent 

density (Kg/m3)
Maximum 

density (Kg/m3) Air voids (%)
Stiffness at  

20 °C (MPa)

S-A BM3b 9 2344 2364 0.8 5885

S-A HVRMB 12 2363 2428 2.7 3690

SMA BM3b 5.5 2513 2632 4.5 6885

SMA HVRMB 5.5 2470 2582 4.3 4532

Figure 1. Grain sizes of the mixes.
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chamber. The test conditions for the evaluation of the 
mixes were a load amplitude of 0.5 mm, a frequency 
of 10 Hz, and a constant temperature of 20 °C. For 
a more realistic assessment of the performance of the 
mixes, the healing effect during the fatigue processes 
of the materials was taken into account (11–13). For 
this reason, rest periods were included during the 
sinusoidal cyclic loading applied as part of the test. 
Accordingly, there were 1500 loading cycles with a 
rest period of 150 seconds (the same time period that 
it took to apply the 1500 cycles). For each type of mix 
and condition, two specimens were tested.

3. DISCUSSION OF RESULTS

3.1. Sand-Asphalt

Figure 3 shows the results obtained for the length 
and width of the crack when the Sand-Asphalt 
mixes manufactured with BM3b and HVRMB 
bitumen were tested. As reflected in the figure, in 
both cases, there is a correspondence between these 
measurements. More specifically, for the tempera-
ture studied, the propagation of the macro-crack 
is in direct relation to the deformations generated 
by the crack opening due to the stresses suffered 

(see Figure 4). For the same loading conditions, the 
crack width in the HVRMB mix was found to be 
greater than in the BM3b mix.

The left panel in Figure 5 shows the amount of 
energy dissipated during the experiment. The val-
ues reflect that as the crack propagated throughout 
the material, less energy was needed for the crack 
to continue spreading. This occurred because the 
material decreased in strength as the macro-crack 
became longer and wider. Consequently, the crack 
spread more rapidly. The graphs indicate that the 
BM3b mix was found to be more resistant to fatigue 
cracking because more energy was needed for crack 
propagation than in the HVRMB mix.

As can be observed in Figure 5 (right panel), 
there is a linear relation between the length of  the 
macro-crack and the amount of  energy dissipated 
during the experiment. This indicates the corre-
spondence between dissipated energy and the dam-
age to the material. Thus, the amount of  dissipated 
energy can be regarded as optimal design criteria. 
Within the context of  a conventional phenom-
enological approach (in which loading conditions 
are related to the number of  loading cycles result-
ing in the failure of  the material), the mechanical 
response of  both mixes is similar. Nonetheless, 

Figure 2. Experimental device and schematic diagram of the test.

Figure 3. Macro-crack length and opening for the Sand-Asphalt mixes.
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from the  perspective of  dissipated energy, the 
BM3b mixes with SBS polymers were found to be 
more crack-resistant than the HVRMB mixes with 

crumb rubber. Figure 6 shows images of  the macro-
crack propagation in both materials.

3.2. SMA

As with the previous mixes, the opening of the 
macro-crack was also linearly related to propaga-
tion length. However, in this case, the mix with the 
highest crack resistance was the one with the largest 
crack opening. Consequently, the width of the crack 
is not directly related to crack propagation in the 
material (Figures 7 and 8).

Once more, the results confirmed that during the 
cracking process, there was a progressive decrease 
in the amount of dissipated energy (Figure 9, left 
panel). This occurred because more energy was 
consumed when the crack first appeared in com-
parison to the energy consumed during its stable 

Figure 4. Relation between macro-crack opening  
and length in the Sand-Asphalt mixes.

Figure 5. Dissipated energy (left panel) in relation to macro-crack propagation (right panel) in the bitumen-bound sand mixes.

Figure 6. Macro-crack development and evolution in the bitumen-bound sand mixes.
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propagation phase. As in the case of the other mixes, 
there is a close relation between the cumulative dissi-
pated energy and crack propagation throughout the 
specimens (Figure 9, right panel). Since the energy 
required for the crack to appear and subsequently 
spread throughout the BM3b SMA mix is greater, 
this signifies that that this mix is more resistant to 
fatigue cracking.

4. CONCLUSIONS

This paper presents the results of a study on 
the fatigue-cracking strength of two types of bitu-
minous mix (SMA and bitumen-bound sand), 

manufactured with crumb-rubber modified bitu-
men and polymer-modified bitumen with SBS elas-
tomers. The following conclusions can be derived 
from this research:

The correlation between mix deterioration (crack 
length and width) and the dissipated energy at the 
location of the macro-crack can be used to homo-
geneously evaluate the mechanical strength of the 
mix. In this sense, the combination of both analyses 
can be very useful to optimize the laboratory design 
of mixes since their cracking behavior can be evalu-
ated in each of the phases of the process.

The correlation between the macro-crack open-
ing and its propagation indicates that the deterio-
ration of the specimen advanced, depending on the 
stresses generated. Nevertheless, the results obtained 
showed that the damage to the material was not 
directly related to the width of the macro-crack. The 
resistance of the material to fatigue cracking thus 
does not depend on the characteristics of the macro-
crack appeared.

Because of  the correlation between the energy 
dissipated and the damage to the material, it was 
possible to perform an in-depth analysis of  the 
mechanical performance of  the materials evalu-
ated. The results of  this study showed that the 
BM3b mix was more resistant to the propaga-
tion of  the macro-crack than the HVRMB mix. 
Accordingly, despite the fact that the dimensions 
of  the crack and the number of  deformation cycles 

Figure 7. Macro-crack length and opening for the stone mastic asphalt mixes.

Figure 8. Relation between macro-crack opening  
and length in the SMA mixes.

Figure 9. Dissipated energy (left panel) in relation to macro-crack propagation (right panel) in the SMA mixes.
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were the same for both binders, the energy required 
to cause the same level of  deterioration in the mix 
was greater in the BM3b mix.

The analysis of the performance of the two types 
of mix also showed that the SMA mix was more 
resistant to fatigue cracking since more energy was 
required to produce the same level of damage.
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